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"Study of 34-E Dual-Drum Pavers 


This article summarizes data obtained in 
16 studies of the mixing of portland cement 
concrete in 34-E dual-drum pavers, con- 
ducted by 13 State highway departments. 
Determinations were made of the desirable 
time of mixing and the amount of overload 
which could be permitted. The results in- 
dicated that the highest strengths were 
attained at a 60-second mixing time, exclu- 
sive of transfer time, and that an overload 
of 10 or 20 percent could be tolerated. It 
was also found that very little loss in 
strength of the concrete resulted when the 
mixing time was reduced to 40 seconds, 
exclusive of transfer time, but when the 
mixing time was reduced to 30 seconds a loss 
in strength of 5 to 6 percent occurred. A 
mixing time of more than 60 seconds, exclu- 
sive of transfer time, was found to be unde- 
sirable since it involved waste of effort and 
resulted in loss of strength without gain in 
the uniformity of the concrete. 


aN December 1957, the Bureau of Public 
Roads suggested that a study of the pro- 
Muction of portland cement concrete in 34-E 
dual-drum pavers be made _ by interested 
Btate highway departments, to determine the 
Most desirable mixing time and the permissible 
Overload, ifany. State highway specifications 
Showed that, exclusive of the transfer time re- 
quired to move the concrete from the first to 
the second drum. some States permitted a mix- 
hig time of as little as 50 seconds, while other 
Btates required mixing times of as much as up 
to 120 seconds. Some State specifications per- 
Diitted no overload, but others allowed over- 
loads of from 10 to 20 percent. It was believed 
that factual information on the effect of 
Mixing time and of amount of overload might 
periuit the more rapid production of concrete 
Without reduction in quality. Lower cost of 
the concrete in place should then be obtained. 
The program proposed by the Bureau of 
blic Roads suggested that mixing times of 
80, 60, and 90 seconds, exclusive of transfer 
fime, be used. Since most States used a 
Bixing time of about this was 
ike as a standard of comparison. The 30- 
time was suggested as part of the 
roviam to provide conerete which might 
Os- oly be undermixed; the 90-second time 
a itended to determine if extended mixing 


60 seconds, 


f . nerete would abrade the aggregate to 
ue an extent that excessive fines would be 
ro iced, causing the strength of the concrete 
)= Ter. The States were informed, however, 





article was presented at the 39th Annual Meeting of 
hway Research Board, Washington, D.C., January 
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that these times could be changed to suit their 
particular interests, if they so desired. 

As proposed in the program, many States 
used an overload of 10 percent in their studies, 
and in some cases an overload of 20 percent 
was used. Where the project contractors 
objected to the larger overload because of 
possible resultant wear on their equipment 
and waste of material, the 20-percent overload 
was omitted. 

The suggested program also recommended 
that for a given combination of mixing time 
and overload, samples for test be taken from 
each tenth batch of 90 consecutive batches of 
concrete. It 
three 


was further recommended that 
taken from batch 
sampled, one sample representing each third 
of the concrete as discharged from the bucket. 


samples be each 


Specimens for compression and flexure tests 
were made from certain of the batches sampled 
and tests for air content, unit weight, and uni- 
formity of composition were made on certain 
other batches. 


Conclusions 


the States 
extensive that only a considerably condensed 
review can be included in this report. Based 
on a painstaking study of all material reported, 
the following conclusions have been drawn. 
The results of strength tests included in this 
investigation showed that for 34-E dual-drum 
pavers, the greatest strength was obtained 
with a mixing time of 60 seconds, not including 
transfer time between drums. 


The data obtained by were so 


This mixing 
time could be reduced to 40 seconds, exclusive 
of transfer time, with but very little reduction 
in the strength of the concrete. Reduction of 
the mixing time to 30 seconds, exclusive of 
transfer time, caused a reduction in strength 
of 5 to 6 percent. mixed for 30 
seconds occasionally showed segregation but 
generally could be placed and finished without 
difficulty. In some studies it was found de- 
sirable to the water-cement 
slightly for concrete mixed for only 30 seconds. 


Concrete 


increase ratio 

A mixing time of more than 60 seconds, ex- 
clusive of transfer time, was found to be un- 
desirable, since it involved waste of effort and 
resulted in loss of strength without gain in the 
uniformity of the concrete. Little evidence 
of excessive the aggregate 
noted, however, even with mixing times as 
long as 90 seconds. 

Overloading of 34-E dual-drum 
above their rated capacity caused a reduction 
in strength of 1 to 2 percent for an overload 
of 20 percent, and a reduction of 2 to 4 percent 
for an overload of 10 percent. 


abrasion of was 


pavers 


The greater 


3032 
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reduction for the smaller overload may have 
been fallacious, or it may have been possible 
that the mixers used in these tests actually 
performed better with a greater load. Data 
to clarify this point were not available. 

In studies of the uniformity of concrete 
produced by 34-E dual-drum pavers, it was 
found that the quality of concrete depended on 
the operations preceding the paver mixing op- 
eration. Ifa harsh mix was fed to the paver, 
extended mixing time still furnished a harsh 
concrete. Ifa properly sized and proportioned 
mix was used, most, if not all, of the mixers 
studied in this investigation furnished well 
mixed concrete after only 30 seconds of mixing. 

It should be noted that contractors 
objected to an overload of more than 10 per- 
the that their equipment 
would not Also, some contractors 
were not able to use a mixing time shorter 


some 
cent on grounds 
handle it. 


than 50 seconds, due to their inability to 
supply materials to the paver. 

In general, it is believed that the results of 
the strength tests of concrete were more indica- 
tive of the effectiveness of the mixers used 
than were the results of tests for uniformity 
The tests made for the latter 
purpose were of considerable value, but if 
studies of this type should be conducted in the 
future, a marked increase in the number of 
tests for compressive strength would be recom- 
mended, with elimination of the flexural 
strength tests and a reduction in the tests for 
uniformity. If it could be devised, a test for 
cement content in the mixed concrete which 
could be made in entirety on the project would 
be recommended, with another test for water 
content of the concrete. 


of concrete. 


Scope of Data 


The studies of the effeet of mixing time and 
overload on the quality of portland cement 
concrete produced in 34—Ii dual-drum pavers 
were made by 13 State highway departments; 
2 studies were made by each of 3 States, 
resulting in a total of 16 studies. The loca- 


tions of the studies are shown in table 1. 
Information concerning the type of mixer 
used, the. coarse aggregate, the nominal 


mixing times, and the overloads, is given in 

table 2. 
In this 

presented 


article, data from the studies are 
on the effect of mixing time and 
the compressive and flexural 
concrete. Also reported are 
determinations intended to show the uniform- 
ity (or lack of it) of single batches of concrete, 
as well as variations from batch to batch of 
concrete prepared under presumably the same 


overload on 
strengths of 


1 








Table 1.—Highway construction projects in the study of 34-E 
dual-drum pavers 





Michigan I-02-5(6) 


Nebraska F 


Cont. 5733 


S-2(4) 


Washington 
West Virginia 





Date of | Highway 
State Project number study route Location 
number 
Alabama 1-65-38 (14) (15) Oct. 1958__| U.S. 31.___| 25 miles north of Bir- 
| mingham 
California III-Pla-17-A, July 1959 _| U.S, 40 Near Roseville 
Roe, B. 
Delaware F-12(4) S-US July 1958 Del. 8 Dover, Division St. and 
48(2). Forrest Ave. 
District of | F-55(1) June 1958 Irving St. NE. 
Columbia. | 
Florida | I-4-1(2) | July 1958 _| U.S.4 ___| Near Plant City 
Kansas F-) 92 Oct. 1958__| U.S. 36 Beattie Corner to Nem- 


June 1958 U.S. 12 


1958..| U.S, 77 


250(7) Oct. W ymore to Kansas State 
line 

New York 1 BT-57-1 | Aug. 1958 7 Near East Chatham 
New York 2 I-1119(11 Oct. 1958 = | 20 miles west of Albany 
Ohio 1 1-196(5) June 1958 U.S. 25 Wapakoneta bypass 
Ohio 2 | T-529(11) | Aug. 1958 | U.S. 40 Kirkersville bypass 
Virginia 1 F-FG-O18-1(1) Sept. 1958 | U.S. 29 Lynchburg bypass 
Virginia 2 __. U-101-1(3) Oct. 1958 U.S, 29 Arlington County, Lee 


Oct. 1958 
Oct. 1958 W. Va. 14 


aha County line 
Ypsilanti, near Willow 
Run Airport 


Highway 
Olympia 
Charleston to airport 








Table 2.—Type of paver, aggregate, and principal variables used 


_ 
= 


the 16 study projects 








Coarse aggregate Principal variables 
State Paver 
Type Maximum) Nominal mixing Overload 
size times used 
Inches Seconds Percent 
Alabama \ Stone 116 30-50-90 0-10-20 
California - B Gravel Ilo 30-50-70 0-10-20 
Delaware Stone 2 40-70-90 0-10-20 
District of A Gravel 2 30-50-70 0-10-20 
Columbia. 

Florida B Stone 2 30-60-90 0-10-20 
Kansas \ Sand-gravel l 5060-70-90 0-10-20 
Michigan \ Slag 2 30- 50-70 0-10-20 
Nebraska Cc Stone 1 30- 50-60-90 0-10-20 
New York 1 B Stone 2 40-50-0-90-120 0-10-12-20 
New York 2 B Crushed 2 60-90-120 10-20 

gravel, 
Ohio 1 B Stone Ilo | 40-50-75 0-10-20 
Ohio 2 \ Gravel S . 50-75 0-10-20 
Virginia 1 B Stone 2he 30-60-90 0-10-20 
Virginia 2 D Gravel 2ho 30-60-90 0-10 
Washington B Gravel at oa 45-40 10-20 
West Virginia Cc Gravel 2 | 3040-50-60 } 0-10 








mixing conditions. The types of tests made 
by the several States are indicated in table 3. 

Some of the States prepared formal reports 
at the conclusion of their individual studies, 


while others supplied test results in an informal 


were so extensive that only a review of them 
ean be included in this report. Of particular 
interest, among data excluded here, were those 
that would permit comparing the air content 
of concrete as determined by the Chace air 


meters, and comparisons between the results 
of slump cone and Kelly ball tests. It is 
expected that these data will be summarized 
and reported at a future time, but their 
inclusion in this report was not considered 
necessary. 


The study was unusual in that it involved 7 


considerable effort and cooperation on the part 


of a number of State highway departments” 


The skillful han-7 


and highway contractors. 
dling of difficult field testing operations by the 


personnel involved, often under unfavorable 
conditions, contributed greatly to the success] 


and value of the study. 


Procedure Problems 


In determinations of the mixing time, in 
this article, the transfer time between drums 
was not included. It has been stated by some 
that the concrete is mixed during this transfer 
process. However, in their reports different 
States reported different lengths of transfer 
time, even for the same make of paver, and 
it was believed that it would simplify the 
presentation of the material if only the mixing 
time in the considered. Thr 
values reported by the States for mixing times 
are shown in table 4. 

The program 
mended sampling of every 
testing. 


drums was 


original proposal recom- 
10th bateh for 
Some States believed that sampling 
of every 10th batch might be too frequent 
and sampled 20th instead 
Where the staff limited, this 
allowed ample time for the test procedures 
Some States questioned some of the method: 
of test proposed, and modified or eliminate 
them in accordance with their experience or 


needs. 


batch 
was 


every 
testing 


One State cast only a few specimens 
for strength tests, and drilled cores from thi 
pavement for the strength tests of record 


Other differences were found among. the 
individual studies. In general, however, th 
recommended program was followed suff: 
ciently to permit use of most of the dat: 


obtained. 

One of the most controversial items in th: 
suggested program was the method of obtain: 
ing the three samples of concrete representint 





manner. The data obtained by all States meter and standard pressure or volumetric a single batch or bucket load. It was recom: 
Table 3.—Various tests on concrete performed by the States ! 
Tests for uniformity of plastic concrete 
Tests for compressive Tests for flexural OPE Se ae i Es! BE Se 
strength on cylinders 2 strength 3 
State Washout Air content 4 
aera ed ree FT ae Ba Unit. |_ = Slump | Kelly | Willis- 
| | | Weight ball Hime 
7 days | 14 days | 28days | 7 days | 14days|28days| Fine | Coarse Riess lethncn 
sure 
Alabama x x x x -_ 7 x -iscitiszs =z : 
California xX ? x { = x oa _ | xX 
Delaware. ‘ X xX X X Bb b 4 X x xX | X =: Pas 
District of Columbia X XxX x X xX xX X xX xX = | x 
Florida X X X xX X X ‘ia X xX X x i & 
Michigan ; x , xX zx XxX xX : xX x bs 
Nebraska XxX X b 4 3 x xX xX a X b 
2 See . “ : es " xX x x x s E x 
Ohio 1 és on 4 X X xX xX xX xX > b ats 
Ohio 2 MEETS ; x xX X Z xX X x 4 x = 
| : # x a xX ; Xx x Xx Xx X | & x 4 
is cn nine eendelreaahince xX xX ~ | & x x = | «x Xx X | X = = 
Washington - . 3 J ie X i X as am a. | ss xX x 
West Virginia... _.-..-.. xX X X x X a » 4 -_ | | x x | =x |} & 
| | | 











1 No information was received from Kansas. 
flexural strength. 


2 Michigan and New York used cores to test compressive strength. 
4 Alabama and Michigan used the rollermeter method for testing air content. 


§ The District of Columbia conducted a 3-day test for 
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Figure 1.—One of the methods used in obtaining sample concrete. 


mended originally that three pans be placed 
on the subgrade, slightly separated to cover 
the area over which a bucket load of concrete 
would be distributed. However, some diffi- 
culty Was found with this method of sampling. 
When the pans were placed directly on the 
subgrade, the of from the 


wave concrete 


bucket frequently knocked the pans aside. 
On some projects, to correct this difficulty, 
the pans were held in place by concrete 


shoveled against their sides. Another method 


found to be effective Was mounting the pans 
on legs about 12 inches high, as shown in 
figure 1. 

Some States adopted the practice of having 
the bucket 


either in a ribbon or in an oval-shaped pile. 


load dumped on the subgrade 


Samples possibly representing different sec- 
tions of the bucket-load were then taken from 
the At first it 


whether the samples so obtained could be 


concrete. Was questionable 
considered to represent the first, midale, and 
last third of the batch 
from the mixer. However, it Was pointed out 


that the first third of the concrete discharged 


concrete discharged 


from the bucket might not be the same as 
the first third of the conerete discharged from 
the mixer. Due to restraint of the sides of 
the bucket, the first third of conerete dis- 


charged from the bucket may include some of 
the second third of the concrete discharged 
into the bucket. 
eration Was given in this report to differences 
the to 


For this reason, no consid- 


between methods used obtain these 


Table 4.—Average mixing time, in seconds, as given by those States where mixing 
and transfer times were recorded ! 








No overload 
Nominal : 2 
State mixing 
time | Transfer! Actual 
| time mixing 

time 

| 30 11 30 

} Alabama iO 11 49 
| | 90 1] 79 
| 30 10 21 
; California 50 10 40 
| 70 10 60 
| | 40) 9 41 
Delaware 70 9 70 

| | 90 9 90 
| | 30 12 29 
) District of Columbia 50 12 45 
| | 70 12 70 
50 10 39 

oe | 60 10 60 

i eae 70 10 60 
| | 90 | 10 75 
| 40 | 8 41 

a ee ‘O s | 51 

il 75 9 66 

, f 50 10 5O 

Ohio 2 -1) (75 10 65 

: | 30 oe 27 
Virginia 1 4 60 | 58 

Y ose i 89 

; | 30 ae 29 
Virginia 2 ‘ 60 i : 58 

| 90 fe 93 


10 percent o¥erload | 20 percent overload 
‘is Average 
actual 
Transfer Actual | Transfer Actual mixing 
time mixing time mixing time 
time time 
15 30 1] 29 30 
1] 49 11 44 44 
11 75 11 79 7s 
10 23 10 24 23 
10 39 10 3S 39 
10 60 10 60 60 
y 41 9 4] 4] 
i) 70 i) 70 70 
+ 90 9 Ow a 
12 30 12 30 30 
12 45 12 50) 17 
12 70 12 6o 0 
10 54 10 Al 4s 
10 57 10 53 57 
10 62 10 61 61 
10 76 10 V7 76 
9 43 Ss 42 42 
9 54 9 51 2 
y 66 y 6 6 
10 50 12 44 () 
10 65 12 64 ( 
28 28 De 
60 60 } 
S7 90 &Y 
36 32 
63 60 
96 44 








Florida (30, 60, 90 sec.), Michigan (30, 50, 70 sec.), Nebraska (30, 50, 60, 90 sec.), and West Virginia (30, 40, 


60 see.) did not include transfer time in mixing times stated. 


times of 40, 50, 60, 90, and 120 sec. 
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New York included a transfer time of 9 sec. in mix- 


No information of transfer time was furnished by Washington (45, 60 sec 


one-third-bucket-load samples. Although 


such differences existed, it may be considered 
that 


time 


the collective samples for each mixing 
and overload are reasonably representa- 
tive of the entire mixing load. 


Effect of Mixing Time on Strength 


As shown in table 2, the States used widely 
nominal 


different mixing times, and some 
differences in overloads. There also was a 
variance in the materials used and in the 


methods of testing compressive and flexural 
strengths. To place each set of data on a 
uniform basis for comparison, the strength 
obtained for a 60-second mixing time, or with 
no overload, was adopted as the standard of 
Strengths other 
mixing times, or for overloads, were then ecom- 


comparison. obtained for 
pared with these values. 

In six of the studies, a 60-second mixing 
time was not used. To permit comparison 
of the data obtained with those for the other 
the strengths were 
plotted against mixing time and a curve drawn 


through the points. 


projects, determined 
The value shown on this 
with the 
abscissa Was taken as the base measure. 


curve at intersection 60-second 

To keep the reporting of data concerning 
mixing time within reasonable bounds, some 
liberties have been taken in their presentation. 
The mixing times are shown at 5-seecond in- 
value for strength obtained 
with an actual mixing time of 48 seconds, for 


tervals, and a 


example, is shown for 50 seconds. However, if 
there was only one determination of strength 
of conerete for a given time of mixing, this 
was not shown in the charts. In many in- 
stances the elimination of these single values 
to better 
advantage the trend of the remaining mutually 


supporting data. 


removed wild results and showed 


Data reported by each State of the effect of 
mixing time on the compressive and flexural 
strength of conerete are shown in figures 2 
and 3. The reflect the 
materials used and the methods of testing 


varying strengths 
Some States used cantilever beam 
and 
higher 
center-point loading. 


employed. 
flexural 
using 


testing machines, obtained 


strengths much than those 

Data averaged for all of the studies to show 
the effect of mixing time on the compressive 
The curve 
in each portion of the figure presents the best 
considered In the portion 
of the figure, the curve represents an average 


strength are plotted in figure 4. 
average. lowest 


Similar curves for 
flexural strength are shown in figure 5. 


of the other three curves. 


The same finding; that the compressive and 
flexural strengths of concrete prepared with 
the mixers and materials used were at a maxi- 
mum for a mixing time of 60 seconds, is evi- 
dent in figures Marked increase or 
decrease in mixing time resulted in a reduction 
in strength, but this reduction was of no great 

For a 30 
the re- 
duced only 6 percent and the flexural strength 
percent. For a mixing time of 90 
seconds, the compressive strength was reduced 
only 7 percent and the flexural strength only 


t and 5. 


moment. mixing time of only 


seconds, compressive strength was 


only 5 


3 
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50 seconds caused a reduction in compressive 
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Figure 2.—Effect of mixing time on compressive strength, by State. 


A reduction in 


mixing time to 


strength of about 0.5 percent and no decrease 
in flexural strength. 





Figures 6 and 7 present the effect of over- 
load on the compressive and flexural strengtlis 


of the samples tested. The curve representing? 
the average for all determinations of con) 
pressive strength shows that a decrease of 5 
percent in strength resulted for an overload) 
of 10 percent. For a 20-percent overload, «fF 
decrease in strength of only 1 percent resulted 
In the flexural strength determinations, ove ie 
loads of 10 and 20 percent each caused 5 
reduction in strength of only 2 percent. 





Some inquiry has been made of the reason 
for the lower compressive strength of concrete! 
prepared with an overload of 10 percent than™ 
with an overload of 20 percent. It 
speculated that the greater overload caused: 
the drum to operate more efficiently ; however,” 


was 


if this were the reason a mixer with an over. 
load of 10 percent would be expected t 
operate more efficiently than one with n 
overload. Such was not found to be the cas¢ 
if strength tests of concrete are used to judg 
the efficiency or rather the effectiveness of 4 
mixer. Some other reason must apply t 
these test results. 

Most specimens were prepared, cured, and 
accordance with standard ASTM 
No coneern need be given to this 


tested in 
methods. 
phase of each investigation, as the data wer 
apparently affected but little by variations i: 
With this ac 


cepted, it may be assumed that variations i 


the preparation of specimens. 


the strength of the concrete are due to thi 
mixing procedures used, or the weather con- 
ditions over which there was no control. 
Further study was given to the effect oi 
overload on the compressive strength of con- 
crete, reported in table 5. It was observed 
that in Florida the strength for no overloa 
was considerably higher than that for 1 
percent overload at all ages and for 20 percent 
overload at an age of 7 days. It was believed 
that a detailed study of the results from this 
State might be warranted. It was also noteé 
that in the Virginia No. 2 study and in th 
West Virginia study the results for a 10: 
percent overload ranged from slightly lower t 
considerably lower than for no overload, ané 
that no tests were made for an overload of 2! 
was believed that results 


percent. It these 


Table 5.—Effect of overload on compressive strength 








Tests at 7 days for unit compressive strength Tests at 14 days for unit compressive strength Tests at 28 days for unit compressive strength 
State 10 percent overload | 20 percent overload | 10 percent overload | 20 percent overload | 10 percent overload | 20 percent overload 
No _ poe ee No | aes No 2 
overload | | overload overload } 
Strength | Strength | Strength | Strength Strength | Strength | Strength | Strength Strength | Strength | Strength | Strength 
ratio 2 ratio? | | ratio 2 ratio 2 ratio 2 ratio * 
p.x.i p.8.i. p.8i p.8.i. p.s.i psi p.8.i. pP.sd p.8.i. 

Alabama 2, 800 2, 950 102 , 320 115 : P 7s 5, 720 5, 260 92 5, 740 100 
California é 2, 300 2, 240 97 2,130 93 
Delaware 4,010 4, 020 100 3, 760 94 4,280 | 4,310 101 4. 120 96 4,730 4,640 98 4,550 96 
District of Columbia 3,140 3, 130 100 2, 950 94 3, 580 3, 560 a9 3, 380 v4 3,880 | 3,800 98 3, 660 94 
Florida = 2, 920 2,470 5 2, 760 95 {| 3,290 2, 750 84 3, 560 108 3, 760 | 3,320 8S 3, 940 105 
Kansas ! a a — 4, 560 3, 620 80 4,150 9] 
Michigan : $ ; 4, 630 4, 920 106 4.610 100 
Nebraska 4, 160 4, 000 O68 320 104 a 5, 560 5, 390 97 5,300 | 95 
Ohio 1 : 5, 370 5, 440 101 5, 450 101 
Ohio 2 4, 300 4,050 94 4,790 111 
Virginia 1 _. acl oe ae 3, 620 3, 330 92 3, 240 ow 
Virginia 2 weeiucs} eee 1. eee 99 | 4, 260 3, 990 94 4,440 | 4,170 | 94 as 
Washington 2 = . ‘ ‘ S 4,660 | 
West Virginia ........; 2,940 | 2,560 87 ee 3,640 | 3,410 4 4, 240 4, 100 97 tee 

DS EE 96 4 100 ee ee 95 98 — oe 94 ee 9s 








' Kansas tested cores at 28 ¢ 


lays with the following results: 


No overload, 5,030 p.s.i.; 10 percent overload, 4,430 p.s.i.; 20 percent overload, 4,530 p.s.i. 


2 Ratio to strength for no over a¢ 
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Figure 3.—Effect of mixing time on flexural strength, by State. 
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re 4.—Average effect of mixing time on 
compressive strength. 
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To examine more carefully the results of 
the Florida tests, the compressive strengths 
obtained for each combination of mixing time 
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Figure 5.—Average effect of mixing time on 
flexural strength. 


and overload were plotted against age at test. 
It was believed that if there had been any 
unusual features affecting the test results, 
these would be shown by some exceptional 
behavior in rate of gain of strength. As shown 
in figure 8, all of the Florida tests made for 
concrete prepared with 90 seconds mixing 
time produced an unusual behavior in rate of 
gain of strength. In two of the three cases, the 
strength at an age of 14 days was lower than that 
at 7 days. In the third case, the strength at 
7 days appears to be quite low and that at 14 
days somewhat high. Why these results had 
this unusual behavior is not known, but there 
is indication that they were caused by some 
feature other than the variables of record 
and it is believed that these results may justi- 
fiably be excluded from consideration. Con- 
sequently, in consideration of the effect of 
overload on compressive strength, all three 
sets of specimens mixed for 90 seconds in 
Florida were rejected. 

Figure 9 presents revised trends of the 
effect of overload on compressive strength 
with the questionable and incomplete data 
excluded. Even with these data excluded, it 
was found that the strength for an overload 
of 10 percent was slightly lower than that for 
an overload of 20 percent, and both overloads 
furnished strength than no overload. 
The maximum amount of reduction in strength 
is only 4 percent which, in view of the more 
rapid production of concrete gained by over- 
loading, may be considered of minor conse- 
quence. 

In the determine the effect of 
overload on flexural strength, certain test 
specimens yielded irregular results, as shown 
in table 6 and figure 10. In no case, however, 
were all specimens for a given time of mixing 
involved, and all data obtained were used to 
determine average trends for all of the studies. 
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Figure 6.—Average effect of overload on 
compressive strength, 
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Figure 7.—Average effect of overload on 
flexural strength. 


Effect of Make of Paver 


It was hoped that sufficient data could be 
obtained from the projects using the same 
make of paver that 
make of paver processed concrete in a manner 
sufficiently different from the other pavers to 
Warrant comment. It 


to determine whether 


was considered desir- 
able to limit the data used to that representing 
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Figure 9.—Average effect of overload on 
compressive strength excluding question- 

able and incomplete data. 
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Figure 8.—Compressive strength for each set of variables using Florida test data. 


two or more projects and feur mixing times. 


The results obtained for a single make of 


paver showing the effect of mixing time on 
strength figure 11. 
parison with figures 4 and 5, 
that little 
curves for this single 
the curves for all makes over 
50 to 


are shown in By com- 
it will be seen 
between the 


there is difference 


mixer and 
the 


It. is prob- 


make of 
range of 


70 seconds mixing time. 


30 SEC. 60 SEC. 


more difference in effectiveness « 


found 


that 
will be 


able 
mixing between 
mixers of any make than between groups ( 
mixers of different makes. In two of thes 
studies the mixers used were found, on initi: 
inspection, to contain a considerable amou 
of hardened concrete. femoval of th 
conerete unquestionably improved the effe 
tiveness of the mixers. 
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Figure 10.—Flexural strengths for each set of variables. 
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Table 6.—Effect of overload on flexural strength 

















id 
a bs Tests at 7 days for unit flexural strength Tests at 14 days for unit flexural strength Tests at 28 days for unit flexural strength 
fy eee EEN AE FSS 3 Me a 
* l l l 
“4 on | 10 percent overload | 20 percent overload | 10 percent overload |20 percent overload 10 percent overload | 20 percent overload 
) om State ! No eee - ee 2 ee No No } | a: 
— + ia overload | | | | overload overload | | 
a | Strength Strength | Strength | Strength Strength | Strength | Strength | Strength Strength | Strength Strength | Strength 
; | | | ratio? | ratio? ratio ? ratio ? ratio? | | ratio? 
—_— - | Sa —— | _ 
| ° j | . | : ° | : 
3 psi. | pea | | p.8.i. | p.8.i. p.8.i. p.8.i p.8.i. pei. | psi. | 
— Alabama_----- Aebucneigeal 515 550 107 575 112 : > TRS 640 R2 | 710 «| 00 
Delaware eee Seem, Sere Rei eae Ee 795 820 103 760 96 ce aoe 
- District of Columbia__|  —_- | Oe ieee ee 545 530 97 500 92 Z pinive 
Florida : -..| 470 | 490 | 104 | 460 | 98 525 515 98 480 91 555 595 107 575 104 
A Kansas_--.-.-- : = | ant ta , 
4 Michigan. -........-- bs arcs . ee ee 680 665 98 680 100 
- |= Nebraska... .......--. | 680 640 94 640 | 94 810 735 | 90 765 | 94 
— NOW: TOU... s5-25-—0 oS pee Sa Semen fC ecaeer rs penne 
Ohio 1 es aoe oe Oe 825 | 800. | 97 835 101 955 75 92 960 101 F Pees ha cee De ea 
OS SR eee 720, | 730 101 730 101 840 845 101 820 QR ays a cs 
| | | } 
Virginia 1_..-- ee eee ee : ad 15 520 101 505 98 | | ieseese 
Virginia 2. .......-.- Re 505 485 OG | ccnace es Jetee | i ee | a 
= Washington - : He ge | hs ee is : 865 845 | sae 
West Virginia_- 415 4(K) 96 <= P eae 430 470 109 | he 
— | 
| ' | | 
” Average # Salm ecatecd, al Dooce s | 99 Pease | La ree . 100 96 | 94 | ‘ 97 
s 
California, Kansas, and New York reported no tests for flexural strength. 2 Ratio to strength for no overload. The average ratio to strength for no overload at all ages was 98 for 
, both 10- and 20-percent overload. 
4 
Tests for Uniformity of Plastic combinations of mixing time and overload. amount of fine aggregate in the concrete or 
Concrete Data for the first one-third of the bucket the grading and fineness modulus of the 
4 . . . 
load of concrete are indicated by a circle; aggregate. In others, the amount of coarse 
28 It would be expected that insufficient mixing for the second third, the data are indicated aggregate was determined. Some States 
would be evidenced by marked differences in by a cross; and for the last third, by a triangle. reported the grading of all aggregate, and 
the results of tests of the three portions of a The solid lines in the figures connect the choice had to be made as to which data would 
bucket of conerete, possibly by greater than  4vVerage value for a bucket load. give the most information. 
normal weight per cubie foot, and by low Generally, the data plotted for each one- The results of these tests were expected to 
air content. Excessive mixing would be — third portion is an average taken from three — determine if extended mixing of concrete would 
nl expected to be detected by excessive fines in loads of concrete. These loads, obtained abrade the aggregate to a marked extent. 
dus ithe conerete, and possibly by a low. air from different batches and on different days, This could be demonstrated if there was a 
pS content. could have been influenced by changing decrease in the fineness modulus of the fine 
~ » Almost all of the States made and reported weather conditions, characteristics of the aggregate, or an increase in the amount of 
UH: Stest determinations which were intended to materials used, or by the personal equation fine aggregate and decrease in the amount 
OUT hn used to show the uniformity of the plastic of the operators. However, the sample of coarse aggregate. Undermixing of the 
th concrete. These tests included determina- loads indicate a general trend which may be — concrete was indicated by the nonuniformity 
offe tions of the cement content bv the Willis- considered adequate for this study and are of the distribution of aggregate in the three 
Hime and Dunagan methods, washout tests mot intended to cover all minute details portions of a bucket load. 
for fine or coarse aggregates, tests for unit which might influence such determinations. : 
: ; For 4 e 4) : ee ve aa, Air content 
weight of conerete, tests for consistency using or most of the reporting States, data 
—— the slump cone and Kelly ball methods, and covering tests for unit weight, washout, and The air content of the concrete was deter- 
‘pressure, volumetric, and Chace tests for air air content were available. In the other mined by use of pressure or volumetric 
' , ? ‘ 7 . . . . 
VP content. States, data for slump were available. methods, including the Chace air meter test 
- : : 
The data furnished by the States were seal aatetied as one of the latter methods. When available, 
= eee Unit Weight . “ ee F 
— studied, and a selection of these data was data obtained with a pressure meter, or a 
made to determine the uniformitv of the A marked variation in unit weight of con- volumetric method using a large sample of 
concrete produced with the various mixing crete for a single batch of concrete or for  conerete, were preferred over data obtained 
times and overloads. For ease in presentation Several batches mixed under the same condi- with the Chace air meter. 
—— and comparison, these data are shown in tions would indicate either a harsh concrete The air content of air-entrained concrete 
—F figures 12-20. In each figure, sample data = OF insufficient mixing. If a marked variation was believed to be an excellent indication of 
oh reflecting various characteristics of the con- Was found, and the same one-third portion the thoroughness of mixing the concrete. 
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generally had the greatest or least weight of 
the samples representing the same bucket 
load, it was assumed that the mixer was not 
operating properly and was furnishing under- 
mixed concrete. For a given combination of 
aggregates, high unit weights, closely grouped, 
indicated well-mixed concrete. 

General trends for all data from short to long 


mixing times were also of interest. If the 
trend appeared toward greater weight, an 
improvement in mixing was assumed. If the 


trend was toward lesser weight, this was taken 
to indicate overmixing and reduction in size 
of the aggregate. 


Washout 


The results of the washout tests were shown 
by several different methods. 
the States determined 


In some cases, 


and reported the 


Insufficient mixing would be indicated by low 
amounts of air and by variation of the amounts 
of air between portions of bateh. With 
it was believed that some 
of the air would be lost, but in this case the 
of batch 


a 
excessive mixing, 
air in each would be 


portion a 


practically constant. 
Slump 


The slump is a measure of the workability 
of A ean have a_ high 
water-cement ratio and at the same time have 
a low slump due to harshness of the mix. 
In few were the concretes 
produced in these studies found to have poor 
workability, and it is believed that these cases 
can be ignored. The slump can be used with 
other data to deduce whether thoroughness 
of mixing was obtained. 


concrete. concrete 


very instances 





Other determinations 


Other determinations made on portions of 
a bucket load of concrete included the Willis- 
Hime test ! for the cement content of concrete, 
and the Dunagan method? for determining 
the composition of concrete. The Willis-Hime 
test, made by the District of Columbia, 
New York and Virginia, yielded disappointing 
results in that they differed greatly from the 
known cement content. It was found that 
the principal reason for the results obtained 
was failure to dry the samples sufficiently. 
Since all of the water was not driven off, the 
cement grains still retained water and were not 
separated from the sand portion of the mortar 
during the centrifuging operation. This 
resulted in a test determination showing a low 
cement content of the concrete. 

The District of Columbia made determina- 
tions of the composition of the fresh concrete 
using the Dunagan method. The results 
varied tremendously and indicated variations 
within and between batches of concrete which 
were beyond the realm of the possibility. 
Without doubt, some feature was overlooked 
in the performance of these tests which 
resulted in inappropriate test data. 


Review of Uniformity by States 


A review of the data for some of the indi- 
vidual State projects was made to determine 
information of interest with respect to 
uniformity of concrete. Such information is 
presented in the following paragraphs. 


Alabama 


The results from the Alabama project (fig. 
12) showed a slight overall decrease in unit 
weight with increase in mixing time. With an 
overload of 20 percent, however, higher 
weights were obtained for each mixing time 
than for no overload, In 8 of the 9 combina- 
tions of mixing time and overload, the last 
portion of the concrete discharged by the 
bucket had the greatest weight. These facts 
collectively were assumed to indicate that the 
mixer was not operating to best advantage, 
and that an overload of 20 percent was an aid 
in obtaining better mixing of the concrete. 

Determinations of the material passing the 
No. 4 sieve in the washout test showed some 
wide variations within a bucket load of con- 
crete—especially for the 30-second mixing 
time. Each of the loads had an equal amount 
of sand, or more in the first one-third of the 
bucket load than in the second or last third 
portions. These variations indicated an in- 
sufficient mixing for a 30-second period. The 
general trend for all washout test results 
showed no increase in amount of fine aggregate 
with increase in mixing time and overload. 
This would indicate that even for a 90-second 
mixing time, there was no more abrasion of 
aggregates than for shorter periods of mixing 
time. 

The air content tests, using a volumetric 
method, produced uniform values for the 





1Cement Content of Freshly Mired Concrete. 
Bulletin, No. 239, July 1959, pp. 48-49. 

2A Method of Determining the Constituents of Fresh Con- 
crete, by W. M. Dunagan. Proceedings, American Concrete 
Institute, vol. 26, 1930, pp. 202-210, 
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Figure 12.—Test determinations on uni- 
formity of concrete in the 
project. 


Alabama 


different portions of a bucket load. In two of 
the three mixing times, increase in loading 
resulted in a reduction in the amount of air. 
The air contents for a 30-second mixing time 
with no overload and with 20 percent overload 
were the same as those for the same loads at a 
90-second mixing time. It would appear from 
these results that a 30-second mixing time is 
sufficient to obtain well-mixed concrete, and 
that further mixing is of little value. 
Delaware 

Data from the study in Delaware (fig. 13) 
showed no overall trend for unit weight except 
for a higher weight for each mixing time with a 
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Figure 13.—Test determinations on uni- 
formity of concrete in the Delaware 
project. 
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10-percent overload. In 7 of the 9 cases, the 
weight of the last portion from the bucket wa 
equal to or greater than that of other portions), 
This indicated that a greater percentage o77 
stone was present in the last portion an® 
further suggested that the mixer was 
functioning properly. 

In the washout tests, the high value of fined 
ness modulus of sand for the 70-second mixing” 
time with a 10-percent overload was matche® 
by a similar high value for unit weight. Thest® 
values were considered as sports, representin e 
a nonuniform condition such as the use of 
unusually coarse sand. The other values fo 7 
the washout tests showed no unusual feature — 
other than the prevalence of coarser sand fron 
the center of the bucket load and the pro: 
gressive decrease in fineness modulus for th: 
90-second mixing time. 

The progressive increase in fineness of th: 
fine aggregate was almost matched by an in: 
crease in the slump of the concrete for th: 
batches involved. Although data for the wate 
content of the concrete were not immediatel; 
available, the variations in the values fo 
slump were related to the variations in the uni 
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, ; 
weight values or the fineness modulus of th : 
fine aggregate. Where an increase or decreas: : 
in slump occurred, a decrease or increase ji t 
unit weight was found or an increase or de : 
crease in the fineness modulus of the san 
occurred. Considering all values given, th 
previously mentioned failure of the mixer t 
furnish well mixed concrete must be repeated 
It appeared that extended mixing of the cor 
crete did abrade the aggregate to some extent] a 
It was also found that the first sample take! ™ fo 
j o 
from each bucket load generally had a lower 
than-average unit weight, a finer-than-aver 
age sand, and a higher-than-average slump. Fle 
District of Columbia q 
The results obtained in the District « (fig 
Columbia study (fig. 14) were unique in show Ex 
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Figure 14.—Test determinations on uni (; 
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ine an increase in unit weight for each increase 
in mixing time and overload except for the 
20-percent overload at 70-second mixing time. 
No corresponding trends were developed in the 
data for fineness modulus of fine aggregate, 
air content, or slump. It appeared that the 
uniformity of concrete was improved by in- 
ercase in mixing time and load, the additional 
erload serving to promote the mixing action. 
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Figure 15.—Test determinations on uni- 


formity of concrete in the Florida project. 


Florida 

The results obtained in the study in Florida 
(fig. 15) in some respects were quite unusual. 
Except for one nonconforming group of data, 
uniform results were obtained for the slump of 


concrete. The tests for air content made by 


the Chace method, also produced one sport, 


) ations found in the tests for unit weight. 


but otherwise the variations were insignificant. 
Neither set of data can be used to explain vari- 
In 
the coneretes mixed for 60 and 90 seconds, 
those with a 10-percent overload had slightly 
greater average weights than those with no 


» overload or 20-percent overload; while in the 


concretes mixed for 30 seconds, those with a 
10-pereent overload had the least weight. 

In view of the marked variation in unit 
Weight for the separate portions of all batches 
of conerete, and the fact that the last portion 


) of cach bucket load had the greatest weight in 


iii. 


eemee a oe 


7 of the 9 combinations of mixing time and 
ove:load, it appeared that the concrete mix 
Was harsh and failed to respond adequately 
creases in mixing time. <A possible excep- 
tio! to this may be shown by the low slump. 
Wit a slump averaging only 1% inches, more 
ition in unit weight must be tolerated 
Wi hin a batch than for higher slump concrete. 
M-higan 

ata results obtained in the Michigan study 
(I 16), in which slag was used as the coarse 
ae regate, reflected in some respects the opin- 
io that slag concrete is usually somewhat 
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Figure 16.—Test determinations on uni- 
formity of concrete in the Michigan 
project. 
harsh. However, similar behavior was de- 


tected in data from other projects in which 
gravel was used. 
In the tests for unit weight, an increase in 


time of mixing was accompanied by an in- 
crease in the weight of the concrete. In the 


concretes mixed for 50 or 70 seconds, increase 
in overload resulted in a decrease in the unit 
weight, and in the concretes mixed for 30 
seconds, those with a 20-percent overload had 
lower weights than those with no overload. 
These data indicate that an increase in mixing 
time and elimination of overload may furnish 
more uniformly mixed concrete for the partic- 
ular mixer and concrete used in this project. 
The 
in the 


washout tests showed a slight decrease 
amount of fine aggregate with an in- 
The re- 
sults of the air content tests showed a reduc- 
tion in the amount of air with 
mixing time and overload, This could mean 
that a 30-second mixing period was sufficient to 


crease in mixing time and overload. 


increase in 


develop maximum air content in the concrete, 
and that longer mixing periods permitted some 
of the air to be lost. It is noted that the data 
for air content and unit weight are associated. 
An increase of air content was associated with 
a decrease in weight, and selection of a most 
desirable set of mixing conditions definitely 
does not rest in these determinations. 
Nebraska 

For the study in Nebraska (fig. 17), the 
aggregate used was a mixture of sand-gravel 
and limestone. In conducting the washout 
tests, one determination made was the amount 
of crushed limestone found in the mixed con- 
crete. 

The tests for unit weight of concrete indi- 
cated some large variations both within and 
among batches. The general trend of these 
data indicated a slightly higher unit weight for 
concrete mixed for 60 seconds than for the 


other concretes included in the study. In 8 
of the 9 combinations, the heavier concrete 
was found in the first portion of a bucket load, 
indicating that more large aggregate was con- 
tained in this portion than in the second or 
third No relation between unit 
weight and air content results were found ex- 
cept for one batch mixed for 60 seconds with 
no overload. This concrete had the highest 
unit weight as well as the lowest air content. 


portions. 






































3 6 
Bo 
w a 
c2 * 
o5 
of 
« 3 . 
aca 
a 
25 
oO 
a 
24 
2 
_w 
> 5 23 
= re) | } | 
a 
o + 
<q w 22}-+- - +—_-—_-1—_ 
ss ' 
3° BUCKET LOAD PORTIONS 
w* 21-4 : = O FIRST THIRD = 
w | | + SECOND THIRD 
= 60 | ! = LAST THIRD 
147 
I T 
° | | | 
Er — 1 | oO ; | 
© | A |_| 
w 145 , i 
° of 9 | 
+ 
=144/-0 sag 
= a % 
= 
+ 
“TT —+ a — —_ [ y 4 — 
142 —~A—— i 2 





30 60 90 
MIXING TIME-SECONDS 

ie} 10 ©6220 10) 10 20 ie} 10 20 
OVERLOAD~PERCENTAGE 


Figure, 17.—Test determinations on uni- 


formity of concrete in the Nebraska 


project. 


The Nebraska report stated that a visual 
inspection of all test batches used did not dis- 
This is of 
may indicate 
that the variations shown in figure 17 may be 
to 


close any poorly mixed concrete. 
considerable importance as _ it 
of no significance with respect concrete 
placed on the roadway. 
Ohio project No. 1 

In the first of the two studies conducted in 
Ohio (fig. 18), marked variations in unit weight 
were found, but the data showed no trends 
which could directly with 
of mixing time or overload. The 
amount of coarse aggregate recovered from 
the concrete in the washout tests appeared 
irregular for the 40-second mixing time, and 
one group of results for the 50-second mixing 
time indicated a temporary lack of control at 
the batching plant. However, the results 
found for air content appeared to be quite 
uniform. 

It was 


be associated 


amount 


reported that inspection of the 
concrete as it was placed on the subgrade 
revealed only a few batches on which question 
might raised regarding uniformity of 
mixing. Possibly uniformity in grading of the 
coarse aggregate and in batching the ma- 
terials of equal importance to the 
performance of the mixer. 
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Figure 18.—Test determinations on uni- 
formity of concrete in Ohio project No. 1. 


Virginia project No. 1 

It was reported for Virginia project No. 1 
that the concrete was harsh and difficult to 
finish but this was corrected during the study. 
However, some of the variations of the data 
shown (fig. 19) may have been caused by this 
condition. Consequently, only a few com- 
ments on these data may be warranted. 

It is interesting to note that the unit weight 
of the 30-second reasonably 
uniform, and that greater variations within 
batches were found for concrete mixed for 90 
seconds. On the other hand, the air content 


concrete Was 
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Figure 19.—Test determinations on uni- 


formity of concrete in Virginia project 


No. 1. 


for the 30-second concrete varied more from 
batch to batch than for the 90-second con- 
crete. In the slump tests, the concrete 
mixed for 30 seconds with a 20-percent over- 
load had a wide range between portions of 
the bucket load, but this could have resulted 
from use of the harsh concrete. 


West Virginia 
The study in West Virginia (fig. 20) was 

hampered by cold 

some of the washout 


therefore 
tests were not 
The notable variations in unit 


weather and 
made. 


weight were 
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Figure 20.—Test determinations on uni- 
formity of concrete in the West Virginia 
project. 


in close agreement with corresponding varia- 
tions in air content and slump. In general, 
the conerete mixed for 50 or 60 seconds was 
more uniform among batches than the con- 
crete mixed for periods, whereas 
very uniform concrete throughout a bucket 
load was found for all mixing times. 


shorter 


Dual-Drum Paver Productivity: A Motion Picture 


The Bureau of Public Roads, U.S. Depart- 
ment of Commerce, recently produced a new 
motion picture, Dual-Drum Paver Productiv- 
ity. The film, based on field research studies 
conducted by Publie Roads, provides evidence 
that many contractors can substantially in- 
crease job output for any given set of job 
conditions. The key lies in better control of 
job operating delays. 

Action scenes from a variety of concrete 
paving jobs illustrate job conditions and per- 
formance factors encountered where paver pro- 
ductivity ranged from low on some jobs to 
outstanding on others. Illustrations show how 
batch plant efficiency and capacity as well as 


10 


haul road variables affeet the size of hauling 
fleet required to supply the paver. Numerous 
operating delays are highlighted to show how, 
and to what extent, they effect paver produc- 
tivity. Actual job scenes show how these 
delays have been held to a minimum on high 
production jobs. The simultaneous showing 
of contrasting action scenes effectively high- 
lights fast batch truck 
dumping performance at the skip. 


versus mediocre 

Dual-Drum Paver Productivity is a 16-mm. 
sound and color film with 
30 minutes. Prints 


a running time of 
may be borrowed for 
showings by any responsible organization by 
request addressed to Photographie Services, 


Bureau of Publie Roads, Washington 25, D.C. 
There is no charge except for the express or 
postage fees. Requests should be sent well in 
advance of the desired showing, and alternate 
dates should be given if possible. Immediate 
return after each showing is necessary, so that 
all requested bookings may be fulfilled. 

Prints of the film may be purchased at 
$122.83 per copy, the price including film, ree|, 
can, and shipping container, and postage with- 
in the United States. Inquiries should be 
addressed to Photographie Services, Bureau of 
Public Roads, Washington 25, D.C. 
should not be sent with the inquiry. 


Payment 
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The accompanying series of sketches illustrates the functioning of a dual-drum 
paver—the machine generally used on-site to mix portland cement concrete for 
highway pavement—by following a single batch of cement and aggregate com- 
pletely through the paver. The steps described below are keyed to the Roman 
numerals at the left of the sketches. 

Step [.—The skip is up and batch B is entering compartment 1. Batch A, al- 
ready in compartment 2, continues mixing. The transfer and discharge chutes 
are both closed. The empty bucket is returning along the boom. 

Step 1/.—Batches B and A continue mixing in compartments 1 and 2, respec- 
tively. The skip is down and is receiving batch C from the batch truck. The 
empty bucket has returned. The transfer and discharge chutes are still closed. 

Step II11._-The discharge chute has opened, and batch A is being discharged 
from compartment 2 to the bucket. Batch B continues mixing in compartment 
1, and batch C is in the skip, which is still on the ground. The transfer chute 
is still closed. 

Step 1V.—-The discharge chute has closed and batch A is in the bucket, riding 
out the boom to be dumped. As the discharge chute closed, the transfer chute 
opened, and batch B is being transferred from compartment 1 to compartment 2. 
The skip is moving upward with batch C. These four steps complete one paver 
cycle. 

Steps V, VI, VII.—These steps correspond exactly to steps I, I], and ITI, 
respectively. They are included in the series to show the progress of batch B 
through the paver from the skip, in step I, to the bucket, in step VIT. 

The batchmeter 

The sequence of steps in the paver cycle is controlled by a batehmeter, a timing 
device which, at preset time intervals, actuates the successive operations of the 
paver or signals to the operator that certain operations can proceed. While there 
is a variety of types, most batchmeters have generally common principles, 

With one popular type, the operator engages a control lever on the batchmeter 
(or keeps it engaged) to begin the paver cycle. The batchmeter then automatically 
starts the skip hoist, charges water into the drum, and closes the transfer chute. 
Next the meter signals when the discharge should be made, and the operator 
opens the discharge chute (if the bucket is ready). Then the meter, at the proper 
time interval, automatically closes the discharge chute and opens the transfer 
chute. As the discharge chute closes, and if the batch truck has emptied the next 
batch of material into the skip and moved clear, the operator engages the bateh- 
meter control lever (or keeps it engaged) and the next cycle begins 

With another popular type of batchmeter, the operator raises the skip which, on 
its wav up, trips a lever which starts charging water into the drum, actuates the 
meter, and closes the transfer chute. After a preset time interval the batch- 
meter automatically opens the discharge chute, unless the operator intervenes 
because the bucket is not in position. Once the discharge chute has been opened, 
the batchmeter automatically closes it and opens the transfer chute. At the same 
time the meter signals to the operator that he can start the next cycle. 

Mixing time 

The time settings of the batchmeter theoretically control the mixing time which, 
for any one batch, is the sum of the times it spends in each of the two compart- 
ments. Mixing time is usually defined as beginning when all solid materials 
have entered the drum. This entry time takes from 3 to 11 seconds from the 
time the transfer chute closes, depending on the nature and moisture content of 
the aggregates. Some mixing specifications exclude the time of transfer of the 
batch from the first compartment to the second, which should take about 9 seconds. 

The batechmeter cannot, of course, overcome operating difficulties which delay 
either charging or discharging. If, at the proper moment, the skip is not ready 
to go up, or the bucket is not in position to receive a mixed batch, the batchmeter 
timing device is stopped. When the batchmeter resumes, it runs out the full 
preset amount of the time interval that was interrupted. During the delay, 
however, the drum continues to turn on “‘unmetered” time. As a consequence, 
overtime mixing occurs, usually for the batch in the second compartment. Thus 
the true mixing time of any batch is the full preset time of the batechmeter plus 
any additional time occurring because of delays. 

It should be noted that the batehmeter is a mechanical device working under 
adverse conditions of dust, moisture, and heavy vibration, and cannot be expected 
to parallel the precision timing of a jeweled watch. In addition, it cannot be 
ignored that the batchmeter’s preset timing can be varied or nullified through 
actions of the paver operator, either inadvertent or deliberate. 
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Dual-Drum Paving: Cost vs. Mixing Time 


BY THE HIGHWAY NEEDS AND ECONOMY DIVISION 


BUREAU OF PUBLIC ROADS 


Skilled paving contractors have consist- 
ently produced portland cement concrete in 
dual-drum pavers with controlled mixing 
time of 45 seconds or less, including transfer 
time. required for 
operating the paver with a short cycle and 
the consequent short mixing time has been 
achieved in part through use of larger and 
faster batch trucks, and in part through the 
contractors’ demonstrated awareness of the 
importance of eliminating unnecessary de- 
lays which consume valuable production 
time. 


The increased tempo 


Monetary savings ranging from 10 cents 
to $3 per cubic yard of concrete might be 
realized if mixing time specifications were 
reduced to 45 seconds from their present 
levels of up to 120 seconds. In the current 
highway program, millions of dollars might 
thereby be saved annually. 


Bureau of Public Roads on-the-job studies 
of the production of portland cement concrete 
for highway pavements indicate that some 
contractors, through adroit management and 
use of good and well-maintained equipment, 
achieve sustained high rates of production 
with dual-drum pavers. The fast paver cycle 
thus shown to be practical also results in a 
shorter mixing time for the 
than is now specified by many contracting 
authorities. 


less 


concrete 


To the engineer the fast 
problem 


evele poses a 
that of quality control, usually ex- 
pressed in terms of mixing time. This is the 
subject of the article Study of 34-E Dual- 
Drum Pavers, appearing on page 1 of this 
issue of Pustic Roaps, in which it is shown 
that the longer mixing times now commonly 
specified can be appreciably reduced without 
affecting the quality of the concrete. 

But there is another consideration involved 
in the fast cyele—that of economy, which is 
the subject of this article. Starting from a 
basis of factual knowledge, it will be demon- 
strated theoretically that reduc- 
tion of specified mixing time will result in the 
production of efficient 
tractors, with savings ranging up to as much 
as $3 per cubic yard. Related to the huge 
highway program now under way, such unit re- 
ductions in cost have the potential of saving 
millions of dollars annually. 


reasonable 


concrete, by con- 


Definitions 


For clarification, the following definitions 
are offered. The reader is also referred to the 





1 This article was presented at the 39th annual meeting of 
the Highway Research Board, Washington, D.C., January 
1960. 
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Figure 1.—Performance comparison of 47 dual-drum pavers. for 
stl 
short descriptive article, How a Dual-Drum article it is assumed that paver operations are yp, 
Paver Operates, on page 11 of this issue. in accord with such recommendations. th 
Paver cycle-—The paver cycle is the se- for 
quence of paver operations from one charging Key to Fast Paver Performance ch 
of the drum to the next. It 
Skip cycle-—The skip cycle includes those In the production of portland cement con- %yp), 
steps of the paver cycle in which the skip is crete with dual-drum pavers, a short paver 7 ey 
raised, the batch is charged into the drum, and ~— cycle means short mixing time and reduction 7 pe 
the skip is lowered to the ground where it is of the time available in which to perform es- Jye 
then ready to receive the next batch of ma- — sential operations at the paver. When the 7 
terial dumped by the batch truck. paver cycle is extended by delays a longer ] 
Mixing time.—As used in this article, mix- mixing time inevitably results, thus nulli- 
ing time is the time interval from complete fying the timesaving advantages of operating 
entry of a batch of cement and aggregate into with a short cycle. Most delays become ap- 
the drum to the beginning of discharge of the parent at the paver skip and it is here that one | Sth 
same batch into the bucket, including transfer can find not only a place to measure quali- di 
time between the two compartments of the — tatively the contractor’s management but also am 
drum. (In the article on p. 1, for reasons the clue to interdependence of mixing time aid Agi 
explained therein, transfer time was excluded 8 


from mixing time.) For any paver 
evele, there is a maximum mixing time that 
can be obtained when the paver is adjusted 
and operated in a manner consistent with the 


manufacturer’s recommendations. In_ this 


given 


batch-truck performance. 
The key to fast paver performance this 


centers around the ability of the paver oper- 7 


ator to run a short skip cycle, the batch-truck 
driver to dump his batches into the skip on 
schedule, and to a lesser degree on the coorci- 
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nation among these and other operations in 
front of and behind the paver. Delays result- 


ine from eareless or sluggish performance by 


Seither the paver operator or the batch-truck 


driver, and to a lesser extent by others, can 


effectively stifle the orderly flow of material, 





nch — 


Sextend the paver cycle, and disrupt both sup- 


porting and dependent operations. 
If the paver operator is slow in lowering the 
skip, the time remaining for the batch-truck 


‘driver to dump his next batch in the skip 


may not be enough to prevent a delay from 
occurring, even though he may perform his 


Sjob well. 


If, on the other hand, the batch- 


' truck driver fails to keep his truck close to 


sare 


con- 
aver 
‘tion 
1 es- 

the 
nger 
vulli- 


» ap- 
; one 
uali- 
also 
Ait 


‘the skip between batches, does not back up 


spromptly when the skip comes down, or fails 
“to have the dump bed raised or at least started 
Sup before backing to the skip, he may be too 


slow in disposing of his batch. The paver 
operator will then be delayed in raising the 


iskip to begin a new eycle. In each case the 


Spaver cycle is extended by the delay, and 


mixing time is thereby increased. 

Many contractors have successfully mas- 
tered the problems of getting essential coordi- 
pation and performance at the skip, as well as 
keeping attendant supply lines moving. On 
one markedly successful operation, sustained 
production by the paver was recorded at a rate 
of 98 batches per hour. For intermittent 
periods lasting up to 2 hours, a 110-batch 
trate Was attained. In other words, a batch of 
‘concrete was discharged by the paver every 
When a 
*small number of extended delays, due to lack 
of batch trucks, was eliminated from the tim- 
Jing, production was at the remarkable rate of 
Remember, this 
Was an average for extended periods and in- 
When no delays oc- 
were 


133 seconds, including delay time. 


one batch every 30 seconds. 


cluded minor delays. 
cured, individual 
completed in 24 seconds or even less, with a 
mixing time of about 27 seconds. 

The operation just cited may seem remark- 


paver cycles being 


able, but it indicates what can and is being 
Figure 1 shows the performance data 
for 47 dual-drum pavers on which production 
studies, usually of 2-4 weeks’ duration, were 
‘made by the Bureau of Public Roads. Note 
that each of the four jobs with the fastest per- 
formance had a job average cycle time, in- 
cluding minor delays, of less than 40 seconds. 
It will be seen that on many other jobs batch- 
meter settings were sufficiently short that a 
cycle time of less than 40 seconds could have 
‘been achieved if the minor delays had been 
reduced or eliminated. 


Py 


done. 


Relation of Mixing Time to Paver 


ting Cycle 


The design of the dual-drum paver is such 


‘that two batches are mixed simultaneously 


‘duri.g a portion of each paver cycle. The 
g time that can be obtained with any 


Boi, , 
5sivc. paver cycle is expressed by the formula: 


»mix 


Mis ing time=2X— D—T-—C+L 





sWhere: 
paver cycle time. 


discharge chute open time (typically 9 


seconds). 
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T=transfer chute open time (typically 9 
seconds). 

C=charging lag time, from close of transfer 
chute when skip approaches vertical 
until all solid material is in the drum 
(job averages of 4 seconds have been 
attained with dry aggregates). 

L= discharge lag time, from opening of dis- 
charge chute until concrete appears 
(averages 1 second). 


Obviously, any increase in the time taken 
for the three elements, D, JT, and C, will 
reduce mixing time in relation to the paver 
cycle time. 

As an example of use of the formula, with a 
33-second paver cycle and the indicated values: 


Mixing time=(233)—9-—9-—44+1=45 
seconds. 


As previously noted, performance records 
have shown that on at least one job paver 
cycles could be completed regularly in 30 
seconds which, according to the formula, pro- 
vided a maximum mixing time of 39 seconds. 
With the occasional 24-second cycle attained 


on the job, the mixing time was 27 seconds. 


Requirements for a Fast Paver Cycle 


The very fast paver-cycle values and conse- 
quent mixing times just cited represent actual 
performance of a single, rather unusual job. 
An analysis of the performance requirements 
for maintaining a short paver cycle, based on 
averages obtained on a number of fast-moving 


jobs, demonstrates what is fully practical of 


achievement. 


During the paver cycle the skip must be 
raised, the mixing drum charged, the skip re- 
turned to the ground, and then the skip re- 
loaded. This skip cycle took an average of 20 
seconds on all jobs studied and often was 
accomplished regularly in 15 seconds, but 
seldom in less. The difference in length of 
time between the skip cycle and the full paver 
cycle is available for reloading the skip. To 
do this, the batch truck must back up and 
cover the skip, dump its batch, and pull away. 
The paver operator must see that the truck is 
clear before starting the skip up to begin a 
new paver cycle. 

It was found, in the Public Roads studies, 
that batch trucks on fast-moving jobs consist- 
ently backed into position to dump into the skip 
in 2 As shown in figure 2, it was 
observed on a very fast job (curve A) that the 
trucks dumped and pulled away in 3 to 5 
On several other fast jobs (curve B) 


or 3 seconds. 


seconds. 
up to 85 percent of the batches were dumped 
It should be noted, 
however, that such performances were attained 
only with 4- and 5-batch trucks. The best 
performance with 2-batch trucks (curve C) 
took 15 seconds or less for 85 percent of the 
batches. On other fast jobs the 2-batch trucks 
took 20 seconds or less for 85 
batches (curve D). 

It was also found that after a batch truck 
cleared the skip, the paver operator took about 
2 seconds before he actually started the new 


in less than 8 seconds. 


percent of the 


cycle. 


Combinations of these figures represent 


possible paver cycle time, from which mixing 


time can be derived. For example, really fast 















































































100 
80} - 
fa : 
x 
oO 
5 
| & 
| = 
n” x 
zr 60 ft; 
| 
c |@ 
o | 
ce fe  , 
rey s 
- o 
re $ 
© 40 o 
7 ag 
a 
x 
20 
/ al 
° 
0 3 6 9 12 15 18 2! 24 27 30 
SECONDS 


Figure 2.—Cumulative frequency distributions of average time to dump one batch into 
the paver skip and get the truck out, 
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operation would include 3 seconds for backup, 
5 for dumping, 2 for operator’s reaction, and 
15 for the skip cycle, totaling 25 seconds for 
the paver cycle and producing a 29-second 
mixing time. A more representative fast job 
using 4-batch trucks, with 8 seconds for dump- 
ing and 17 for the skip cycle, would have a 
30-second paver cycle and a 39-second mixing 
time. 

With 2-batch trucks the fastest dumping was 
15 seconds which, with the 15-second skip cycle 
time, gives a 35-second paver cycle and a 49- 
second mixing time. More representative of 
typically fast operation with 2-batch trucks is 
an 18-second dumping time and a 17-second 
skip eycle, producing a 40-second paver cycle 
and a 59-second mixing time. 


Long Cycles, Long Delays 
Two methods have been used in this arti- 


cle in arriving at 
time and the resulting mixing time. 


a minimum paver cycle 
In the 
opera- 
paver ran for a 2-hour 
period with an average paver cycle of 30 see- 
onds (excluding time lost in a few extended 
delays), permitting a mixing time of 39 see- 


first, data recorded on one very fast 
tion revealed that a 


onds. Mixing time was further reduced to 
27 seconds for individual batches. 

In the second approach, paver cycle time 
and mixing time were derived from perform- 
ance data obtained from a 
operated jobs. A 30-second eycle was found 


number of well- 


to be entirely practicable and a 25-second 
eyele was attainable, t-batch trucks 
These cycles produced mixing times of 39 


with 


llowever, no 
the 


and 29 seconds, respectively. 


allowance made for delays in 


calculations. 


was 


In considering this problem of delays, it 
was generally found that more time per batch 
was lost through delays by pavers with a 
long paver cycle than was lost by those with 
a short paver cycle. 

This paradoxical fact is evident in figure 3. 
Curve A in the figure represents the average 
paver cycle time of each of the 47 jobs stud- 
ied, including minor delays, while curve B 
represents paver cycle time excluding delays, 
averaged in groups of five jobs. Curve C, 
the values of A and 
B, represents the delay time per cycle. It 


the difference between 


will be noted that the longer the paver cycle 
time, the greater was the amount of delay, 
and that conversely the jobs with the fastest 
cycles had the smallest amount of delay. 

The most logical explanation for this seem- 
ingly paradoxical trend is that as the permis- 
sible with 


production increased 


shorter 


potential 


paver cycles, management became 
more alert and responsive to the needs and 


possibilities for reducing or eliminating delays. 


Cost Factors 


It is an inescapable fact that delays increase 
With equal assurance it can be said 
that mixing time requirements influence costs. 


costs. 


The cost of operating a paver outfit tends to 
be fixed and is almost independent, within 
reasonable limits, of the rate of production. 
Labor and equipment costs amount to about 
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Figure 3.—Comparison of average paver 
times, including and excluding 


delay time, for 47 dual-drum pavers. 


cycle 


$350 per hour, on the average. When pro- 
duction is 50 batches per hour, then, the cost 
is $7 per batch. However, if production goes 
up to 70 batches per hour, which is entirely 
practicable with good batch-truck perform- 
ance, the unit cost drops to $5 per batch. 
Thus, with such production improvement, the 
cost reduction per bateh is $2. This amount 
function of the 


decrease in production and the per-batch dif- 


is a percentage increase or 


ference will diminish as additional batches 
added to the hourly 
Thus, an increase of 40 


are production rate 


batches per hour, 
from 50 to 90, results in a unit cost of $3.90 
per batch, and a reduction in cost of $3.10 
per batch. In other words, the first increase 
of 20 batches is worth $2 per batch, but in 
the increase of 40 batches the second 20 are 
only worth $1.10 per bateh. 

Data presented in figure 3 that 
hourly production rates, including time lost 
in minor delays (those of less than 15 minutes 


each), go down from a high of about 92 batches 


also show 


to a low of 35 per hour as average paver cycle 
time is increased. 

Using data from which figure 3 was derived, 
for only those pavers which had 50- and 
120-second mixing time specifications in force, 
the production and 40 
batches per However, 
these rates were reduced to 75 and 34, respec- 


rates averaged 85 


hour, respectively. 
tively, when the time basis includes certain 
major delays (those in excess of 15 minutes 
each) which occurred while a full labor force 
was emploved on these jobs. Using a fixed 
cost of $350 per hour, the cost differential 
between 75 and 34 batches per hour becomes 
$5.63 per batch. 


Effect of overload on cost 
With a fairly common overload of 10 per- 
cent, resulting in a 37.4-cubie-foot batch, the 


cost differential becomes $4.06 per cubic yard) 


of concrete. Further adjustment is desirable, 
circumstances, to account for 
the variation in batch sizes used for different 
mixing times. 
mixing time is used a 20-percent overload is 
usually allowed. This will yield a 40.8. 
cubic-foot batch. Thus, the 
production cost becomes $4.34 per cubie yard 
when comparing 40.8-cubic-foot batches at 

rate of 75 batches per hour with 37.4-cubic- 
foot batches at a rate of 34 batches per hour 


under certain 


Effect of increased production on cost 


It may be reasonably assumed that hourly 
production costs are somewhat less when pro- 
34 batches per hour than when pro- 
ducing 75. 


ducing 
The effect of this consideration is 
differential. It could be 
assumed, for example, that the $350 per how 


cost 


to reduce the cost 


used is for a rate intermediate betwee 
75 and 34 batches per hour, and that the cost 
would be 10 percent less for the 34-batch rat 
and 10 percent more for the 75-batch rate 
The differential in production cost betwee 
the two rates, then, instead of being $4.06 per 
cubie yard, would drop to $2.98 for 37.4-cubie- 
foot batches, 

It would be impractical to obtain specifi 
cost data for every possible rate of output 
and, in fact, since a number of assumptions 
must be made, it would be pointless for the 
purpose here intended. The unit 
veloped above, while based on some factua 


costs) de- 


information and reasonable assumptions, «ar 
admittedly hypothetical. However, the meth- 
od for 
production cost differentials due to variations 


does establish a means computing 


in mixing time specifications. 
Data from Federal-aid records 


Another source of information on this sub- 
ject is the data compiled from bid prices pe! 
cubie yard and specified mixing times fo 
portland cement concrete placed on Federal- 
aid projects. 

The fairly uniform relation of the two is 
shown (for the vear 1957, the latest available 
in figure 4. It will be noted that from a lov 
bid price of $15.75 per cubie yard for 50: 
second specified mixing time there is a gradua 
increase of both price and mixing time up t 
$23.15 for difference 
from low to high, of $7.40 per cubic yard 
The 


however. 


120-second mixing-—a 


than real 
If it actually is a true indicatior 


difference is more apparent 
of the differential resulting from the range i 
mixing time, then it also means that the labor 
and equipment cost of running a paver outfi! 
exceeds $700 per hour. Such an hourly cos' 
is unlikely, if not impossible, and cannot br 
accepted at value as 


face representing a! 


average. 


In instances where 50-second 


difference in! 


2 


ec 
bs 
we 
kg 


3 


A more plausible explanation of the $7.4” 


differential appears to be that part of it col 
be charged to the mixing time differences sn 
that the balance represents costs generated b\ 
regional differences in design practices, hauling 
distances, and variations in labor produc: 
tivity, wage rates, climatic conditions, :n¢ 
materials The last mentioned, i 
particular, influence bid prices but not pave! 
production costs. 


costs, 
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Figure 4.—Distribution of bid price per cubic yard of concrete production 
according to specified mixing times on Federal-aid projects in 1957. 


significance that most States specifying longer 
mixing times are in the Northeast, whereas 
those using shorter mixing times are in the 
South and Southwest where year-round work 
is possible. 


Calculation of Potential Savings 


The basie objective of this article is to de- 
quantitatively the 
which might result from reduction in mixing 
time. It is that the fixed cost of 
$350 per hour for labor and equipment, dis- 


velop potential savings 


believed 


cussed earlier, offers the most plausible start- 
ing point. To allow for variance in production 
in relation to mixing time, the previously 
discussed assumptions were used: Production 
of 34 per with a 
mixing time would cost 10 percent less than 
the $350 base; production of 75 batches per 


batches hour 120-second 


hour with a 50-second mixing time would cost 


10 pereent more. Intermediate values were 


taken from a straight-line projection through 
these points. 

With these premises, the production costs 
per cubie vard of conerete were calculated for 
These are shown in 
the first two columns of table 1. 


a series of mixing times. 
It was then 
a simple matter to derive the approximate 
production cost reductions that are possible 


by decreases in mixing times, shown in the 


remainder of table 1. 
the mixing 


include transfer time. 


It should be remembered that 
times shown in table 1 
For comparisons with data in the article on 
page 1, which exclude transfer time, about 
10 seconds should be subtracted from mixing 
times used in table 1. As pointed out in the 
10 seconds 


produced concrete with very little strength 


article on page 1, mixing time of 


loss as compared with 60-second mixing; and 
a strength 
In terms of table 1, 


30-second mixing time resulted in 


loss of 5 or 6 percent. 


Table 1.—Production cost! per cubic yard of concrete according to mixing time, and 


theoretically possible cost reduction resulting from decreases in mixing time 








Produc- Cost reduction per cubie yard possible by decreasing base mixing time to 
Base mix- tion cost a - cing 
ng time pes cubic 
seconds) yard 90 75 70 65 60 50 45 1) 35 
seconds seconds | seconds seconds seconds seconds seconds seconds econds 
126 $5. 69 $1.85 $2. 36 $2.51 $2.64 $2. 77 $2. 9S $3. 08 $3.17 $3. 25 
a) 4.84 0. 51 0. 66 0.79 0. 92 1.13 1. 23 1. 32 1.40 
75 4.33 0.15 0.28 0.41 0. 62 0. 72 0.81 0.89 
0 4.18 0.13 0, 26 0.47 0. 57 0. 66 0. 74 
65 $05 0.13 0. 34 0. 44 0. 53 0. 61 
Ho 3.42 0.21 0. 31 0), 4 ). 4s 
Br 3 7 0.10 0.19 0). 27 
| 45 | hh i a as ae owe mnany nek» oe 0.09 17 
| 10) 3.52 0.08 








Calculated production costs for labor and equipment. 
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Materials not included 


50- and 40-second 
mixing times, compared to a 70-second base. 
Admittedly, it is a bold step to apply the 


theoretical calculations in table 1 to an entire 


values would be 


these 


highway program, but by so doing the point 
The distribution of 
according 


ean be driven home. 


concrete production to specified 
mixing time on Federal-aid projects (in 1957) 
is shown in figure 4. It is worth noting, 
incidentally, that the weighted average of all 
mixing times was 70 seconds. In the Federal- 
aid Interstate and primary highway programs, 
18 million cubie vards of pavement concrete 
were laid in 1958, and 20 million would seem 
a conservative figure to use now. 

Working from these bases, the theoretical 
annual savings in the Federal-aid Interstate 
and primary programs that would result from 
reductions in mixing time can be computed. 
In the first place, if only all higher than 70- 
second mixing times were reduced just to the 
70-second level, the resultant annual savings 
would total about $416 million; reduction of 
all higher mixing times to 60 seconds would 
If all mixing times 
higher than 50 seconds were brought down 
to the 50-seeond level, whieh would result in 


save nearly $7!o million. 


very little concrete strength loss, the total 
annual would SLL million. 


Similarly, for reduetion of all higher mixing 


savings be over 
times to a 40-second mixing time, which would 
result in a strength loss of 5 or 6 percent, the 
savings would total $15 million. It will be 
that the reductions of higher mixing 
by 10-second intervals produced 


noted 
in- 
Further re- 
however, 
bring diminishing returns in savings. 


times 
creasing increments of savings. 
duections in would 
Such 


further reductions might also bring unaccept- 


mixing time, 


able reductions in conerete strength. 

There is no question that the assumptions 
used here are speculative, although they are 
based on foundations of fact and considered 
judgment. There is also no question that a 
proportion of the contracting 
capable of converting into in- 
creased production the time that would be 
saved by shorter specified mixing times than 


considerable 
industry is 


are now prevalent. The rate of production is 
to a large extent governed by the performance 
of the paver operator and the batch-truck 
driver. Four-batch trucks, able to maneuver 
quickly and safely with fully loaded beds in 
hoisted position, are essential for shorter paver 
eveles, and they are coming into common 
use. It can be said that the industry is ready 
for shorter paver cycles, and resulting shorter 
50 
note 


times of seconds or less. It is 
that States have 


recently reduced their specified mixing times, 


mixing 


encouraging to some 


and others are now contemplating such 


changes. 





Time and Fuel Consumption for 
Highway-User Benefit Studi 


BY THE DIVISION OF TRAFFIC OPERATIONS 


BUREAU OF PUBLIC ROADS 


Travel time and fuel savings are two of the benefits that accrue to highway 


users through highway improvement. 


Timesavings result whenever highway 


improvements reduce travel distance, permit higher speeds, or reduce the 


frequency of speed changes. 


Fuel savings are effected when improvements 


reduce travel distance, mitigate any of the resistances encountered by moving 


vehicles, or reduce the frequency of stop-and-go and slowdown operations. 


During 1959 a study of passenger cars and single-unit trucks was conducted 


to determine the effect of variation of highway surface type and operating 


speeds on fuel consumption, and the effect of the elimination of both a stop- 


and-go and a slowdown operation on fuel and time consumption at various 


operating speeds. 


while vehicles were stopped with engine idling. 


The study also included determination of the fuel consumed 


Graphic and tabular material 


developed from the study and presented in this article will serve in estimating 


time and fuel benefits accruing through highway improvements. 


ECAUSE there was a lack of complete 

data on the variation in time and fuel 
consumption for all vehicle types and weights, 
needed for use in highway-user benefit 
studies, the Bureau of Public Roads under- 
took a study in 1959 to determine the effects 
of highway surface conditions traffic 
operations on passenger cars and single-unit 
trucks. The results of that study, arranged 
for practical use, are presented in this article. 
Some of the more general findings, which 
will also be of interest, are reported in the 


and 


following paragraphs. 


General Findings 


Much of the savings in time and fuel en- 
joyed by users as a result of highway improve- 
ment because of increased vehicle 
speeds, smoother riding, and reduction of the 
frequency of stop-and-go and slowdown 
operations. On paved surfaces the rate of 
fuel consumption of passenger cars and single- 
unit trucks (fig. 1) was found to vary in- 
versely with speed for the slower speeds, 
with the optimum at 25-35 miles per hour, 
varying according to vehicle type and gross 
weight. At higher speeds the rate of fuel 
consumption increased. On gravel surfaces 
the relation between rate of fuel consumption 
and speed (fig. 2) was similar, except that the 
lowest rate of fuel consumption 
20-25 miles per hour. 

The effect of upgrading from gravel to 
conciete on the rate of fuel consumption 
(fig. 3) increased with vehicle speed. At 


arises 


Was at 





1 This article was presented at the 39th Annual Meeting 
of the Highway Research Board, Washington, D.C., Janu- 
ary 1960. Dr. Claffey is an Associate Professor of Civil 
Engineering, Catholic University. 
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speeds of 15 miles per hour the increase in 
fuel consumption for the gravel surface was 
less than 7 percent, but at 45 miles per hour 
it was over 20 percent for passenger cars and 
pickup trucks and over 30 percent for single- 


unit trucks with gross weights of 10,000 
pounds or more. 
Both the additional time and fuel con- 


sumption (figs. 
4 and 5) increased uniformly with speed. 
At any speed the excess time consumption 
varied directly with weight-horsepower ratio. 
The additional fuel consumption varied 
with weight for trucks. 
The passenger car used in the study con- 
sumed more fuel than the heavier pickup 
truck at all speeds, probably because it was 
equipped with an automatic transmission 
while the pickup truck had a manual trans- 
mission. 


for stop-and-go operations 


gross single-unit 


The time consumption for a slowdown of 
10 miles per hour (figs. 6 and 7) varied in- 
versely with vehicle speed. The additional 
fuel consumption of passenger cars for slow- 
downs varied directly with speed for speeds 
up to 50 miles per hour, while for single-unit 
trucks it increased with speed up to speeds of 
35-50 miles per hour but decreased somewhat 
at higher speeds. 


Time and Fuel Savings 


A major objective of highway-user benefit 
studies is the evaluation of advantages accru- 
ing to users as a result of highway improve- 
ments. Two of the more important of these 
advantages are reduced fuel consumption and 
reduced travel time. The relation between 
motor vehicles and the roads they travel is so 
close that even small changes in the charac- 


Reported! by PAUL J. CLAFFEY, 
Highway Research Engineer 


teristics of the road are reflected in the amount 
of time and fuel needed for highway trips. 
Minimum values of travel time and motor-fuel 
consumption are possible only when the road- 
way is ideally suited for the vehicle and to 
the traffic volumes in the 


operates. 


which vehicle 

The ideal highway for such purposes would 
be straight and level, have a smooth surface, 
and be so designed that the movements of each 
vehicle would be completely unaffected by the 
presence of other vehicles. Although in prac- 
tice no highway would be built to such im- 
probable standards, all 
directed toward making highways less remote 
from this ideal. 
way enables highway-users to complete their 


improvements are 


The improvement of a high- 


trips in less time and frequently with less fuel 
consumption. Highway-user benefit analyses, 
if they are to be complete and accurate, must 
include consideration of these savings. 
Travel time brought about 
through changes in highway facilities which 
reduce three travel distance, the 
number of speed changes, and the time lost 
at traffic signs and signals. Time savings are 
also brought about by improvements which 
permit vehicles to be operated safely at higher 
Every mile of travel distance elimi- 
nated from the highway-user’s trips saves 
time. Elimination of speed changes, such as 
and slowdowns, the time 
sumed while decelerating and accelerating. 


savings are 


elements: 


speeds. 


stops saves con- 
Nominal highway speed 

Nominal highway speed is defined as the 
modal operating speed of all vehicles of 4 
given class while moving on sections 
highway where they are not slowed or stopped 
by highway impedances such as traffic signs 
and signals, sharp curves, ete. Highway 
changes which improve sight distance or add 
to highway capacity generally result in in- 
creased nominal highway speeds. On any 
road carrying a traffic volume equal to or 
greater than its practical capacity, the nom- 
inal highway speeds of vehicles will be in- 
creased by providing greater capacity through 
lane widening or additional lanes. 

The nominal highway speed for vehicles 
having high weight-horsepower ratios will be 


increased mainly through reduction of graces.f 


Reduction of resistance factors 


All improvements which lessen travel dis 
tance and the resistances to movement at! 
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constant speed, plus those which reduce speed 
result in motor-fuel savings, 
improvements which 
velicular movement and reduce the energy 
iirements needed for operation. 


as do 
resistance to 


changes, 


decrease 


req 
+ <A reduction in resistance to movement and 
* the corresponding reduction in fuel use at any 
Pgiven speed results through improvement 
which effect reduction of surface roughness, 
* reduction of rate of rise and fall, and reduc- 
tion of curvature. These improvements, how- 
ae ever, frequently permit higher operating 
S speeds which, because of greater air and roll- 





ing resistances at higher speeds, result in an 
‘Ys increased rate of fuel consumption. 





The frequencies of stop-and-go and slow- 
down time losses are reduced through the 
provision of grade separations and access 





si ‘control to reduce the number of access points 
a B anc through construction of additional lanes 
ee Bio relieve congestion. In addition, the fre- 
ew quency of slowdown operations is reduced 
L ‘0 when curves sharp enough to require vehicles 
oa ‘to reduce speed are removed through aline- 
ai ment changes. 
si Savings Used in Benefit Studies 
we The saving in either fuel or time consump- 
7 ition due to any one type of highway improve- 
MF ment is the difference between the amount 
as jconsumed if the improvement were made, 
sale Sand the amount if the improvement were not 
- }made. Where two or more types of improve- 
heir yment are made at the same location at the 
awe: Bsame time, the savings for each can be com- 
eats. Bputed by assuming that the other improve- 
— pment is already completed. For example, if a 
shighway reconstruction project involving 
bow both upgrading of surface and reduction of 
hich ise and fall is considered, the saving in fuel 
es ‘consumption for operation on the improved 
los surface rather than on the old surface for the 
ioe new rate of rise and fall will be the same 
si ‘regardless of the changed rate of rise and fall; 
6 “: and the saving due to reduction of rise and 
sei: fall on the improved surface is unchanged by 
- : the fact that the surface had been improved. 
ate The difference in fuel saving for the condi- 
ting, Ons before and after an improvement is a 
“true measure of fuel benefit even when the 
“particular improvement makes possible higher 
5 the operating speeds which usually increase fuel 
of 8 “consumption. An example is surface improve- 
of a Duent. When a gravel road is improved with 
pped ® high-type surface, the nominal highway 
signs Tgpeed will increase. The fuel saving that 
hway Thighway-users will realize through surface 
add Jmprovement is the difference between the 
n i Fuel consumption on the old surface at the 
any" nominal highway speed for the old road 
to OF before improvement, and the fuel consumption 
nom "nt te same speed on the improved surface. 
e im The fact that users elect to travel faster on 


ough Bi}. ‘ , 
‘OUsE the improved road with a corresponding 


_. | gicer-ase in the rate of fuel consumed does 
hic les Pot -ullify the saving in fuel use, at the lower 
ill " "Fre, made possible by the improvement. 
Paces Any increase in fuel consumption due to the 

q gior operating speed should be considered 


| dis WReperately and included in benefit studies 
nt at] BS © negative fuel benefit. 


OAS UPLIC ROADS e Vol. 31, No. 1 





The analysis of user benefits for any high- 
way improvement project can be made most 
satisfactorily by computing separately the 
savings for each type of improvement involved 
and then totaling them. Care must be 
exercised when summing the savings that the 
same saving is not counted twice. For ex- 
ample, where a two-lane gravel road is recon- 
structed as a four-lane divided highway with 
high-type pavement, both upgrading the 
surface and increasing the number of lanes 
permit higher operating speeds with the 
consequent reduction of time consumption, 
but the time saving for the higher speed can 
be included only once. 


Required data 


For the time fuel 
savings resulting from a planned improve- 
ment, certain data are required. First, the 
average gross operating weight of each class 
of vehicle and the number of vehicles within 
each class expected to use the route can be 
obtained by traffic studies and loadometer 


computation of and 


studies. Second, the information on planned 
physical changes of the road can be obtained 
from investigation of the site and by study 
of the improvement plans. 

A third requirement, the effect each type 
of improvement has on speeds, frequency of 
speed changes, and the length of stops or 
delays, can be obtained partially from re- 
(1)? and from 
of the traffic operations at the improvement 


ported studies investigation 
site. 

The fourth requirement, determination of 
the reduction of resistances to movement at 
constant speeds, can be made from published 
graphs illustrating fuel consumption as affected 
by rate of rise and fall for vehicles weighing 
10,000 pounds or more (2) and for passenger 
ears (3). These 
certain vehicle and gross operating 
weights, however, and are not sufficiently 
comprehensive for a general benefit analysis. 


data are limited to only 


classes 


Test Vehicles and Procedures 


The time and fuel consumption study under- 
taken by the Bureau of Public Roads in 1959 
involved three vehicles—a passenger car, a 
pickup truck, and a 2-axle, 6-tire, dump truck. 
These three classes of vehicles accounted for 
over 98 percent of the vehicle-miles traveled in 
1956 by all highway vehicles other than buses 
and the larger commercial vehicle combina- 
tions. Such vehicles were being studied at 
the same time and for the same purpose by 
the University of Washington, with financial 
assistance from the Bureau of Public Roads 
(4). 

Data for the passenger car were obtained for 
a single loading condition, while data for the 
trucks were obtained for various weight 
loads—enough to cover the lower range of 
gross vehicle weights for single-unit trucks. 
The passenger-car load consisted of two 
persons, the driver and an observer. The 





2Italic numbers in parentheses refer to the references 
on p. 21. 

3 Traffic and Travel Trends, 1956, by T. B. 
PuRLIC ROADS, vol. 29, No. 11, Dec. 1957. 


Dimmick. 


Table 1.—Data for vehicles used in the test 
operations | 














Gross Engine power Cross- 
So sec- 
Type of vehicle | weight | tional 
(pounds)}| Net | R.p.m.| area? 
| hp. | (sq. ft.) 
} 
| | | 
Passenger car.-| 3,850 | 123 | 4,200 33 
Pickup truck: } 
No load.....- | 3,860 | 120 | 4,000 38 
Full load 5, 340 120 | 4,000 | 38 
Dump truck: | | } 
No load_...-_} 10,200 89 | 2,800 54 
Half load_..-| 15, 300 | 89 | 2,800 St 
| | | 





1 All vehicles were 2-axle, 6-cylinder vehicles. The pas- 
senger car had an antomatic transmission; the trucks were 
equipped with manual transmissions. 

2 Frontal area of vehicle, derived by multiplying overall 
height by overall width. 


pickup truck was operated with no load except 
for the driver and observer, and with a load 
approximately equal to full load capacity. 
The dump truck was operated with no load and 
with one-half full load. 

The passenger car was a 6-cylinder 1957 
standard 4-door sedan with a 3-speed auto- 
At the time of the tests 
it had been in service for 2 years, during which 
time it had traveled a distance of 30,000 miles. 
The weight and additional pertinent informa- 
tion for the three vehicles are given in table 1. 

The pickup truck used was a 6-cylinder, 
manual shift 1959 model with a GVW (gross 
vehicle of 4,900 pounds. The 6- 
eylinder, 1950 medium-type dump truck had 
50,000 Both 
trucks were checked on a dynamometer prior 


matic transmission. 


weight) 


been in-service for miles. 


to the tests and the efficiency of combustion 


measured with an exhaust analyzer at a wide 
range of loads. At the time of the tests the 
vehicles operating at optimum 


were near 


efficiency. 


Test run procedures 

Data on the time and fuel consumption of 
these vehicles were obtained from a series of 
test runs made over a nearly straight section 
of Virginia route 350 south of Washington, 
D.C. This is a divided highway with four 12- 
foot lanes of portland cement concrete, with 
well-built shoulders of firmly compacted gravel 
10 feet wide. The test runs were made be- 
tween two fixed end points set 8,000 feet 
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Figure 1.—Fuel-consumption rates at con- 
stant speed on a level, straight, concrete 
surface. 
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Figure 2.—Fuel-consumption rates at con- 


stant speed on a level, straight, gravel 
surface. 


(1.515 miles) 
nearly the same elevation and the rate of rise 
and fall between them was less than 0.2 foot 
per 100 feet. 

The following types of test runs were made 


apart. These points were at 


the test 
Constant speed runs on the paved surface at 
35, 45, 


miles per hour; constant speed runs on the 


between end points of section: 


indicated speeds of 15, 25, and 55 
gravel shoulder at the same speeds; stop-and- 
go runs on the paved surface at indicated 
operating speeds the same as for the constant 
and slowdown runs (10 mile per 


reduction only) 


speed runs; 


hour speed on the paved 
Three 


runs of each type were made for each vehicle 


surface at the same operating speeds. 


and load in each direction at each of the given 
The idling fuel 
obtained for each vehicle at engine speeds of 
450, 550, 650, and 750 revolutions per minute. 

The runs were made by driving the vehicle 


speeds. consumption was 


over the test section, measuring the amount of 
travel time and fuel consumed between end 
points and recording the direction of travel, 
time of day, fuel temperature, and run speed 


as indicated on the vehicle speedometer. F, 
the constant speed runs no other data we 
taken. On the stop-and-go and slowdows 
runs the vehicle was brought to a stop or thi 
reduced by 10 miles per hour inj 
immediately accelerated back to scheduled 
speed, as many times as possible, passing bot 
Additional cay 
recorded for these runs were the time du ind 


speed 


end markers at run speed. 


which acceleration took place after each sto 
or slowdown, the number of stops and slow 
downs, and the number of gear changes fie 


each acceleration. 


operations during deceleration and acceler 
tion were those of the typical driver und 
ordinary conditions (4). 

Recording the date and time made it poss 
ble to determine wind direction and velocit 
at the time of each run by reference to wil 
data collected by the U.S. Weather Bureau 
a nearby station. 

The first step in the analysis of the field dat 
was to compute the true speed of each test ru 
The indicated run speeds, read on the speed 
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Figure 4.—Excess fuel consumed by a vehicle coming toa stop av 
then returning immediately to former speed. 
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ometer, were recognizedly inaccurate but were 
used during the test because it was easier for 
th driver to maintain a given speed consist- 
ently if he had a definite speed to attain rather 
than attempting to hold the speedometer nee- 
dle at such a point on the dial that the run 


speed would be the true speed. The true 
speed was computed from the known run dis- 
tance and the run time recorded for the con- 
stunt speed runs. 

fuel consumption was measured directly 
and accurately by noting the amount of fuel 
drawn out of the reservoir of a burette type 
fuclmeter. Since the volume of fuel measured 
varied with the temperature, all fuel readings 
were corrected to 30° C. (86° F.)—the average 
fuel temperature during the period of the tests. 


Application of Test Results 


Corrected fuel-consumption values in gallons 
per mile were computed for each constant 
speed run on both the paved and gravel sur- 
Curves drawn from the averages of 
these values for each run speed for each vehi- 


faces. 


cle type and weight, plotted against true speed, 
are shown in figures 1 and 2. 

The curves in figures 1 and 2 may be used to 
estimate the change in rate of fuel consump- 
tion in gallons per mile which will result when 
nominal highway speeds are increased through 
highway roads 


improvement on carrying 


traffic volumes somewhat less than their ca- 
pacity volume. Since nominal highway speed 
is the average operating speed between points 


where vehicles are slowed or stopped by high- 


curves is not restricted by the effect of such 
highway impedances. 

In the case of highway improvements where 
more lanes are to be added to provide greater 
capacity, when capacity before improvement is 
less than the 30th hour volume, figures 1 and 
2 may be used to estimate the fuel consump- 
tion after improvement when vehicle speeds 
are relatively uniform. However, the lower 
speeds before improvement are largely due to 
congestion and include frequent decelerations 
and accelerations. The rate of fuel consump- 
tion before improvement may be estimated 
by adding to the values found in figures 1 and 2 
the amount of additional fuel consumed by 
The number of 
downs may be determined by making suitable 
speed-delay studies over the route before im- 


slowdowns. average slow- 


provement, and the additional fuel consump- 
tion due to a slowdown may be estimated by 
using the curves in figure 6 (p. 20). 

The curves presented in figure 3 show the 
fuel savings in gallons per mile effected by im- 
provement from a gravel surface to a paved 
surface. The ordinates of these curves equal 
the difference between the fuel consumption 
for operation on a paved surface and operation 
on a gravel surface at the same speeds. 

In using figure 3, the saving due to surface 
improvement should be read from the curves 
for the nominal highway speed of the gravel- 
surfaced road before improvement. A reduc- 
tion in road roughness, of course, will permit 
higher speeds and most users take advantage 
of this even though higher speeds increase fuel 
consumption for speeds above approximatel) 
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the highway user whether he operates on the 
improved surface at the same speed as on the 
rougher surface fuel use, or 
operates at a higher speed and pays for the 
higher speed (and thus time saving) through 
increased fuel consumption. In 


and saves on 


either case 
the saving is made available to the user. The 
nominal highway speed of modern vehicles on 
a gravel or loose surfaced road is between 30 
and 35 miles per hour; for any particular road 
under study it should be obtained by making 
a spot speed study. 


Stop-and-go operations 


The additional fuel consumed for a stop- 
and-go operation was found by dividing the 
number of stop-and-go operations made on 
each run the between the 
amount of fuel used for the stop-and-go run 
and the average amount of fuel used for the 
constant speed runs on the paved surface at 
the same run speed. 


into difference 


This difference was the 
additional amount of fuel used by a vehicle to 
come to a stop and accelerate back to the 
constant speed. The fuel consumption curves 
for stop-and-go operations at various speeds 
are presented in figure 4. 

A similar procedure was used to compute 
the additional time consumption for a stop- 
and-go operation. Figure 5 shows curves of 
excess stop-and-go time consumption as a 
function of true speed. The time and fuel 
consumption shown in figures 4 and 5 do not 
include the fuel consumed while a 
vehicle is stopped, but only the additional 
for the actual 


time or 


consumption stop-and-go 


maneuver, 
Engine idling consumption rates 


The idling fuel-consumption rates of the 


test vehicles are presented in table 2. The 
data shown were obtained with the vehicle 
stationary and the engine warm. For the 


trucks, the were 
gear with the clutch disengaged. 


forward 
The rate for 
the passenger car equipped with an automatic 
measured with the trans- 
mission in neutral position and also in drive 
position with the Idling fuel- 
consumption values are given for four different 
the average of these 
recommended for use in benefit studies. 


rates obtained in 


transmission was 


brakes set. 


engine speeds being 

Figures 4 and 5 and table 2 are particularly 
useful for estimating the savings which will 
result if an intersection controlled by traffic 
signals or stop signs is eliminated through 
construction of a grade separation structure. 


Table 2.—Fuel consumption rates for idling 
vehicle 





Fuel consumption in gallons per minute 
Engine Passenger car 
revolutions 
per minute | | Pick- | Dump 
Trans- | Trans- up truck 
mis- mis- | Aver-| truck 
sion in | sion in age 
neutral| drive | 
450 0.005 0.005 | 0.005 | 0.006 | 0.009 
550 006 O08 | O07 07 O10 
650 O06 009 007 Onl 
TAO 007 ou O10 OOS O18 
Average 006 009 . 007 O07 Oll 
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Slowdown operations 


The additional fuel and time consumption 
curves for a slowdown of 10 miles per hour 
with immediate resumption of speed, at vari- 
ous speeds, are shown in figures 6 and 7. 
Periods of operation at reduced speed are 
excluded. The procedures used for computing 
these values due to slowdowns were similar to 
those used for computing the fuel and time 
consumption of stop-and-go operations. 

The applicability of the curves in figures 6 
and 7 is limited to improvements that elimi- 
nate highway impedances which cause vehicles 
to reduce speed by about 10 miles per hour. 
This limitation is not serious, however, since 
most slowdowns of importance in highway- 
user benefit studies are about 10 miles per 
hour, Preliminary analysis of data taken from 
extensive speed-delay studies made in 1958-59 
with a passenger car showed that speed reduc- 
tions of up to 3 miles per hour were a normal 
part of uniform driving and were not elimi- 
nated through highway improvements, and 
that the average of the speed reductions in 
excess of 3 miles per hour was about 10 miles 
per hour. In addition, it was recently estab- 
lished that the average speed reduction of 
motortrucks when slowed by highway or 
traffic impedances is 11.4 miles per hour (6). 

The curves in figures 6 and 7 may be used 
to estimate savings in fuel and time consump- 
tion through the elimination of a variety of 
speed reduction factors. In the case of a 
curve elimination, test runs should be made 
before improvement to determine the average 
amount of slowdown caused by the curve. 
Where crossroads or driveway entrances are 
to be eliminated, test runs should be made to 
establish the average percentage of driveways 
at which through vehicles are foreed to reduce 
speeds because of other vehicles entering or 
leaving, and the average value of such speed 
slowdowns. 

If the average speed reductions found for 
curves and driveway entrances are between 8 
and 12 miles per hour, figures 6 and 7 may be 
used to compute fuel and time savings. If 
the average speed reduction is more or less 
than 8 to 12 miles per hour, the fuel and time 
savings may be estimated by assuming that 
the magnitude of these savings is proportionate 
to the magnitude of the speed change 


Practical Illustrations 


Two examples will illustrate how figures 1-7 
and table 2 may be used to compute the fuel 
and travel-time savings arising from particular 
improvements. 


Example A.—On a 10-mile length of 2-lane 
road 24 feet wide, the existing gravel surface 
is to be replaced by a concrete pavement. 
Average annual daily traffic on the route is 
4,000 vehicles per day; 80 percent of the 
vehicles are passenger cars and 20 percent are 
2-axle, single-unit trucks having an average 
gross vehicle weight of 10,000 pounds. The 
nominal highway speed on the route before 
improvement was found to be 35 miles per 
hour for all vehicles. It is expected that this 
will be increased to 45 miles per hour after 
improvement. Compute the average annual 
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savings which may be attributed to this 
mprovement. 


Svlution.—Annual number of vehicles using 
@he route: 


mPassenger Cars... -- _. 4,000% 365 80° 7 =1, 168, 000 
BP TUCKS occ carenen cena ssaess 4, 000X365X 20% = 292, 000 
aid 

oa 


— 


| From figure 3, fuel savings due to surface 
Sjmprovement at nominal speed of 35 miles 
pe hour are 0.010 gal. per vehicle-mile for 
Bass cars and 0.021 gal. for trucks. 
Wrom figure 1, the increases in fuel consump- 





nger 


Bion due to speed increase from 35 to 45 
M.p.h. are 0.003 gal. per vehicle-mile for 
Mpassenger cars and 0.004 gal. for trucks. 
> Annual fuel for the 10-mile 
Prov ment: 

Bass nger cars..-. 1, 168, 000X10X (0. 010—0. 003) =81, 760 gal. 
Mrucks...-------. 292, 00010 (0. 021—0. 004) = 49, 640 gal. 


savings im- 


The total annual fuel savings thus amount 
to 131,400 gallons. At 30 cents per gallon, 
this represents an annual savings of $39,400. 

Example B.—A grade-separation structure 
is planned at the interesection of a 4-lane 
@ivided parkway and a 2-lane crossroad where 
traffic signals now control vehicle movements. 
The average annual daily traffic volumes on 
the 4-lane and 2-lane routes are 20,000 and 
4,000 vehicles day, respectively. All 
Vehicles on the parkway are passenger cars; 


per 


80 percent of those on the crossroad are pas- 
Benger cars and 20 percent are 2-axle, single- 
Mit trucks having an average gross weight of 
10,000 pounds. The nominal highway speed 
®n the parkway is 45 miles per hour and on 
the crossroad, 30 miles per hour. Turning 
Movements at this intersection are so few in 
Bumber that they may be neglected. It was 
@etermined from a study of traffic movements 
that on both routes traffic signals caused 25 
percent of the vehicles to stop, with an aver- 
&e time loss while idling per stop per vehicle 
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of 20 seconds or 0.33 minute. Compute the 
annual fuel and time savings which will result 
from this improvement. 

Solution—Annual number of vehicles 
stopped on the parkway at the intersection: 
Passenger cars- 20, 000% 365 & 25° 1, 825, 000 

Annual number of vehicles stopped on the 
crossroad at the intersection: 

Passenger Cars__ 


Trucks 


4, OOOX SOS) K 365 & 25° 


4, O0OXK 265, K 365 & 25‘ 


292, 000 
73, 000 
From figure 4, unit fuel savings per stop- 
and-go for passenger cars are 0.015 gal. at 
nominal speed of 45 m.p.h. and 0.009 gal. at 
30 m.p.h.; for trucks, 0.017 gal. 
From figure 5, 


at 30 m.p.h. 
time savings per 
0.21 min. at 
nominal speed of 45 m.p.h. and 0.14 min. at 
30 m.p.h.; for trucks, 0.23 min. at 
From table 2, 


unit stop- 


and-go for passenger cars are 


30 m.p.h. 
fuel consumption while idling 
for passenger cars is 0.007 gal. per min.; for 
trucks, 0.011 gal. per min. 
Annual fuel savings for passenger cars on 
the parkway: 
Stop-and-go_- : Bieta 1, 825, 0000. 015= 27, 375 gal 
Idling. de 1, 825, 0000. 330. 007= 4, 216 gal. 
Annual fuel savings for passenger 
the crossroad: 


cars on 


Stop-and-go : 292, 0000, 009 = 2, 628 gal 

Idling 292, 0000. 330. 007 674 gal 
Annual fuel savings for trucks on the 

crossroad: 

Stop-and-go_ - 73, 00OX0. O17 =1, 241 gal 

Idling- — 73, 0OX0. 330. O11 265 gal 


The total annual fuel savings thus amount 


to 36,399 gallons. At 30 cents per gallon, 

this represents an annual savings of $10,900. 
Annual time savings for passenger cars on 

the parkway: 

Stop-and-go , 1,8 


Idling 


25, 0000, 21=383 


1, 825, 00OX0. 33 


250 min, 
602,250 ming 

Annual time savings for passenger cars on 
the crossroad: 


fre ight service. 


Stop-and-go 


Idling 


202, 000X014 
292, 000X 0. 33 


40, SSO min 
96, 360 min. 


Annual time for trucks on the 


savings 
crossroad: 
Stop- ind-go 


Idling__.- 


73, 00OX0. 23 
=e J _ 73, 0000. 33 


16, 790 min 
24, 090 min 

The total annual time savings thus amount 
to 1,163,620 minutes. Taking, for the sake of 
example, a value of 115 cents per minute, the 
annual time savings are worth $17,400. Thus 
the total annual fuel and time savings ocea- 
sioned by construction of the grade-separation 
structure can be valued at $28,300. 
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Fuel and Time Consumption Rates 
for Trucks in Freight Service 


BY THE DIVISION OF TRAFFIC OPERATIONS 
BUREAU OF PUBLIC ROADS 


The number of times a truck must change 
its speed in a mile of travel increases with 
the density of traffic, according to an 
analysis of data derived from studies con- 
ducted in 1957 and 1958 of rural and urban 
travel in five States—data necessary in the 
analysis of highway -user benefits. 

Using a congestion index, which indicates 
that speed changes per mile increase uni- 
formly with average daily traffic for differ- 
ent types of highway, together with the 
rates of fuel and travel time consumed 
during a change in vehicle speed, the 
added cost of operating at nonuniform 
speed could be assessed. 

This article also shows that, for the gross 
vehicle weights observed, smaller and less 
powerful engines give better fuel economy, 
but their use carries a penalty of increased 
time-consumption (lower road speeds) at 
the higher gross vehicle weights. Trucks 
with diesel engines were found to travel 
about 50 percent more miles on a gallon of 
fuel than trucks with gasoline engines of 
approximately equivalent power and gross 
weight characteristics. 


NE of the greatest voids in the data avail- 
able for the highway-user 
benefits accruing through the improvement of 
highway facilities has been reliable fuel- and 
and time-consumption 


analysis of 


rates of commercial 
motor vehicles operating in actual service. 
To help fill this void the Bureau of Public 
Roads developed a program for obtaining this 
information. Ohio State University, the Uni- 
versities of Michigan and Washington, and a 
transportation consultant from the University 
of Marvland were engaged to measure fuel 
consumption and overall travel time of selected 
trucks in rural and urban line-haul service 
and in city pickup and delivery service, under 
traffic conditions ranging from restricted to 
free flowing. This study group obtained the 


cooperation of private, government-owned, 


and for-hire highway freight carriers. Three 
of the studies were conducted simultaneously 
during the summer of 1957, and one during 
the summer of 1958. 

A principal concern of highway planners of 
a few decades ago was the surfacing of dirt 
roads. Today, a principal concern is the 

! This article was presented at the 39th annual meeting of 
the Highway Research Board, Washington, D.C., January 
1960 
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elimination of frictional factors that impede 
the free flow of traffic on paved roads. Elim- 
inating stops occasioned by stop signs and 
traffic lights, the widening of pavements or 
the adding of more lanes, the designing of 
highways with easier grades and curves, and 
the upgrading of other features that cause 
reduction in normal driving speeds, are factors 
that are now of primary importance. 

In addition to improving the safety and 
efficiency of traffic flow, such improvements 
result in direct benefits to road users. Savings 
in motor fuel and time costs are two of the 
principal benefits that result, and they are 
directly affected by the elimination of fric- 
flow of 
studies 


tional factors that impede the free 
traffic. The over-all purpose of the 
described in this report was to provide data 
on fuel consumption and travel time for various 
vehicle traffic which 
could be used in the economic analyses of 


types and conditions, 


road-user benefits. 


Summary of Findings 


Major findings of the studies are summarized 
in the following paragraphs. 

1. The fuel consumption in gallons per mile 
of motor trucks operating in rural and urban 
line-haul service increased with the power of 
the engine for equivalent gross vehicle weights. 

2. Operating over identical rural line-haul 
routes, diesel-powered trucks were found to 
travel about 50 percent more miles on a gallon 
of fuel trucks of 
approximately and 
vehicle weight. 


than gasoline-powered 


equivalent power gross 
In terms of fuel consumption, 
this means that diesel-powered trucks con- 
sumed about 66 percent of the gallonage used 
by gasoline-powered trucks. 

3. The consumption of gasoline per mile 
by trucks was 25 to 30 percent higher in 
urban areas than in rurai areas. 

1. The average truck speeds, including all 
stops found to be 37 
miles per hour in rural line-haul operation, 
19 miles per hour in urban line-haul operation, 
and 11 


delivery. 


and slowdowns, were 


miles per hour in city pickup and 

For free-flowing traffic, the 
parative speed for trucks in rural line-haul 
operation was 40 miles per hour. 


com- 


5. The usefulness of speed changes per mile 
as a congestion index was demonstrated by 
proving that speed changes per mile increased 
uniformly with average daily traffie for differ- 


Reported ' by MALCOLM F. KENT, 
Transportation Economist — 





° , ° 7 
ent types of highways. Knowing the numbe!® 


of speed changes saved, the proportion of stop: 


and slowdowns, and the magnitude of each i 
it is possible to use this index to compute tl: 
added cost of fuel and time caused by speeiy> 
changes, when the extra fuel and tim’ 
, : pury 
consumed during a speed change is known. 7% 
. tT ° ere 
6. The stops on rural highways, made fror } T 
( 


the average truck speed, represented 11 per?] 


ae : he 
cent of all deviations from desired speeds t | 
) 
whereas the stops on urban streets represented] es 
‘ . " avi 
15 pereent of all deviations from = desire i 
pet 


speeds, } 
7 om Tega 
7. The average number of speed changey® 

per mile was found to be 1.66 for rural line- 


haul, 4.97 for urban line-haul, and 6.91 fo aj 

city pickup and delivery operations. is * 

ore - & 

Definition of Terms rad 

a . = : ere 
fo avoid misinterpretation of the results] 


certain terms used in this article are define 
Fuel consumption.—Gallons of gasoline ( 
fuel mile of 
The conversion from gallons per mil gene 


diesel consumed per highway’ T 
travel. 
to miles per gallon can easily be made sine®Pia-' 


one is the reciprocal of the other. Whe 


Travel time.—Minutes required to trav r rigi 
1 mile. Minutes per mile can be convert % 
to miles per hour by dividing 60 by th@Phe 
minutes per mile. in ( 

Slop.—Bringing a motor vehicle to Mic 
complete stop. iy at 

Slowdown.—A reduction in speed of a moto palit 
vehicle of more than 3 miles per hour withov@Bine- 
coming to a stop. Bhe 


Speed change.—All motor vehicle accelers Bece 


tions and decelerations effecting a speed? @eliy 


change of more than 3 miles per hour, ineludiy © 


both stops and slowdowns. Btud 
Average gross vehicle weight.—The averag@@WVas 
of the individual gross vehicle weights (7@n 
several vehicles, all falling within the sam@@eliy 
class interval of gross vehicle weight. Ban 
Engine cubic-inch displacement.—The crosman ( 


sectional area of a evlinder multiplied by thygron 


length of piston stroke, which gives thi Batic 
cylinder displacement; multiplied by — thagpare 
number of cylinders. om 


. at Btati 
Net horsepower.—The brake horsepower (G@tati 


operating with all its no min y 
accessories, that is available at the clute oj nd 
its equivalent. It 
minus the 


the engine, 


is the gross horsepowe} Det 
by  fanemmat 


For all prac icfind 


horsepower absorbed 
compressor, generator, ete. 
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Table 1.—Route termini, route numbers, distances, and rates of rise 
and fall of rural highways traveled by observed line-haul trucks 























ss | 
¥. _ i i 
; Termini Rate of 
be i : ne Numbered routes Mileage! | rise and 
3 fall 2 
: From To 
Washington, D.C__| Baltimore, Md Md. 193, U.S. 1 32. 6 1. 58 
4 eee Richmond, Va____- Va. 350, U.S. 1 95. 5 1. 42 
* Columbus, Ohio. Cleveland, Ohio.__.___| Ohio 3, 61, U.S. 42_ 128. 4 1.41 
a eS Parkersburg, W. Va___| U.S. 33, 50 108, 8 63 
4 Do... Wheeling, W. Va___._} U.S. 40. 119.9 1.70 
3 Detroit, Mich Lansing, Mich- LE fe 80.5 59 
tram Do__. ---| Toledo, Ohio. Jf > 5 16 
in Do_. Three Rivers, Mich__-| U.S. 112,12, Mich.60 48 
Ce Seattle, Wash_- Aberdeen, Wash ..| U.S. 99, 410. G5. 1. 25 
‘i Do Bellingham, Wash_- ne ee oo 75.5 1. 28 
Pat | 
NT ee Do Centralia, Wash J = Se 74.7 1.09 
_ Do Chehalis, Wash JE ae 80. 7 1.09 
nist : Do Everett, Wash__- Bw = 18.5 1. 87 
; Bo... Longview, Wash U.S. 99, 830 a 120.7 Gh 
Do Mt. Vernon, Wash US, RB... ea 53.9 1.24 
ae Do... Olympia, Wash___- JE ae oe 53. 1 1.29 
bers Do_. Portland, Oreg__- JES See 2 161.2 93 
| D0... Tacoma, Wash_. U.S. 99- : 23.9 1. 59 
top Do... Yakima, Wash_____ U.S. 10, 97- sat 139. 1 1. 35 
ach 
» the Between municipal boundaries of terminal cities. 
pee 2 In feet per 100 feet of distance. 
timc 


Ppurposes, net horsepower is assumed to be 90 
; percent of the gross horsepower. 


Total rise and fall——The arithmetic sum of 






Pe"BAhe vertical rise and fall in feet for any section 
q f highway. The rise in one direction of 
. travel will become the fall in the opposite 
a Mirection. The total rise and fall is the same 
Pegardless of the direction of travel. 
ME Rate of rise and fall._-The total rise and fall 
be Por any section of highway in feet divided by 
( 


“Bthe length of section in hundreds of feet. It 
% not to be confused with the percent of grade. 
a is equivalent to the average percent of 

Brade only when either the rise or fall is 100 

Percent of the total rise and fall. 





Description of Test Routes 








The four studies conducted in the 
eneral areas of Maryland-District of Colum- 
; ia-Virginia, Ohio, Michigan, and Washington. 
The line-haul with their 


rigins, destinations, route numbers, mileages, 


were 


(intereityv) routes 
nd rates of rise and fall are shown in table 1. 
Whe urban extensions of the line-haul routes 
Ohio, Detroit, 


Cleveland and Columbus, 


to @§Mich., Baltimore, Md., Washington, D.C., 
Peattle, Wash., and some smaller munici- 
mow wDpalities were studied separately from = rural 
thou Bne-haul operation. These generally followed 
Bhe numbered routes until diversion was 
relers Becessury to reach the trucking terminal or 
spec @elivery warehouse. 
judi City pickup and = delivery service was 
Btudied in Detroit, Columbus, Seattle, and 
verag@@WVashington, D.C. All such operations were 
its nN irregular routes except for the postal 
canva@elive service trucks which followed the 
Bime routes each day to the various substations 
crom@@ Columbus. The types of service varied 
yy throm large tractor-truck semitrailer combi- 
s thiatic delivering grocery products from 
\ tha rehouses to retail stores and motor fuel 
om \holesale storage tanks to retail filling 
wer (@Btatio s, to panel and van-type trucks engaged 
orm! prckauge or linen delivery service. Rise 
teh oggnd rates were estimated for Columbus, 
poweg@yeti and Washington, D.C., at approxi- 
faugMate. 0.5 foot per 100 feet. Rates of rise 


| for routes were recorded for Seattle, 
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and ranged from 1.9 to 2.3 feet per 100 feet 
and 
sufficient 


However, the variations in rates of rise 
fall 
magnitude to 


among routes were not. of 


cause significant changes in 


fuel and time consumption. 


Description of Test Vehicles 


The gasoline- and diesel-powered tractor- 
made available 
by commercial carriers for line-haul observa- 
tion, are described in table 2 according to type, 


truck semitrailer combinations, 


engine displacement, and net brake horse- 


City pickup and delivery gasoline- 
vehicles, 


power. 


powered consisting of and 
trucks 
tank 


similarly deseribed in table 2. 


panel 


other single-unit and tractor-truck 


semitrailer van and combinations, are 


Where the size and weight restrictions of 
the particular State permitted, three vehicles 
State 


following weight groups 


were observed in each Within each of 


the 


Rural and urban 


City pickup and 
line-haul (pounds 


delive ry pou nds 


20,000-29,999 5,000— 9,999 
30,000-39, 999 10,000-19,999 
10 000-49, 999 20, 000-29 ,999 
50,000-59,999 Over 30,000 
60,000—69,999 


Test Procedures 


After receiving permission from fleet owners 
to use their vehicles for test the 
course of their normal runs, a fuel meter was 


purposes, in 


placed in the cab of each gasoline-powered 
truck and connected to the fuel lines of the 
engine between the tank and the carburetor. 
The fuel be 
sitting next to the driver. 


meter could read by a person 
The fuel tank was 
filled at the start of each trip and was filled 
again at the end of the trip; any fuel added 
enroute was, of course, recorded. This overall 
record of fuel consumption was used to check 
the accuracy of the meters. 

Diesel-engine trucks, in which excess fuel 
is recirculated from the engine to the fuel tank, 
required a different type of meter installation. 
To circumvent the multimetering of the same 


fuel, a small-volume, constant-level tank was 





Table of 


commercial 
motor vehicles made available for study 


2.—Characteristics 





Number | Engine Net 
Number of of axles cu. in. brake | Fngine 
vehicles and body dis- h.p. of | r.p.m. 
types ! place- | engine 2 
ment 
Line-haul, | 
gasoline: | 
1 3-S2-2 302 172 3, 600 
van. 
3 3-S2 van 331 128 | 3, 200 
| 2-S2 van 377 126 =| 2,800 
12... 2-S1 van 386 130 | 2,800 
8 3-S1 van 406 156 2, 750 
4 | 3-S2 van 450 146 | 2,600 
2 | 3-S2 van 461 197 | 3, 200 
3 2-S2van..| 501 | 165 2, 800 
1 3-2 van ; 531 | 178 2, 880 
1 3-S2 van 549 | 230 | 3,200 
4 3-S2 van __| 590 | 225 | 2,800 
Line-haul, 
diesel 
5_. 3-S2 van 743 200 2, 100 
City pickup 
and de- 
livery, 
gasoline: 
2 2 panel. 214 73 3, 200 
] do 223 12t) 4, 000 
l do 235 123 4, 000 
] 2 van. 220 &Y 2, 800 
5 do 228 90 3, 000 
5 _.do 248 115 | 3, 400 
1 do 260 9) | 2,500 
1 do 261 | 135. | 4,000 
1 do : 263 105 3, 400 
3 do 271 114 2, 800 
2 do 272 167 4,400 
] do 282 103 3, 200 
2 do 320 103 3, 000 
1 do 386 163 3, 000 
2 2-S1 van 372 139 3, 200 
2 do 386 145 3, 000 
3 do 406 175 3, 200 
] 2-S2 van 383 150 2, 800 
do 450 150 2, 800 
1 do 5O5 175 | 2, 800 
2 2-S2 tank 404 170 2, 800 











Each digit indicates the number of axles of a vehicle or 
of a unit of a vehicle combination. <A single digit, or the 
first digit of a group symbol, represents a single-unit truck 
or, if followed by an 8, represents a truck-tractor, The 8 
designation represents a semitrailer. <A digit, without an 8 
preceding it, in the second or third position of a group symbol 
represents a full trailer. 

Average 140 horsepower for engine sizes 302-406 cu. in., 
average 171 horsepower for sizes 450-549, 


installed in the fuel line between the engine 
and the main fuel supply tank. The engine 
fuel pump drew only from this feed tank, to 
which all excess recirculated fuel was returned. 
Fuel consumed by the engine was drawn from 
the feed tank, and a constant level was main- 


tained in the feed tank through a float 
arrangement and an auxiliary fuel pump 
supplving additional fuel from the main 


supply tank through a fuel meter unit. In 
this manner, the fuel meter recorded only the 
actual quantity of fuel consumed by the 
engine. 

Before the beginning of the test runs each 
route to be observed was inventoried to locate 
control points with relation to major changes 
in traffic flow and to record mileage between 
control points, rise and fall (through use of 
an aneroid barometer), number of traffie signs 


and signals, and number of lanes. Before the 


start of each run, the observer recorded the 
vehicle chassis model and year, unladen 
weight, payload weight, and gross vehicle 


weight, engine model size and cubie inches of 
cylinder displacement, and reported net brake 
horsepower. The weather and 
the road were also recorded. 
The observer, riding in the cab, recorded 
on each run the following information as he 
passed the control points: time of day (hour 


condition of 
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and minute), fuel meter reading (hundredths 
of a gallon), and odometer reading (tenths of 


a mile). 


The magnitude of each speed change 


of plus or minus 3 miles per hour or more 
within each section was recorded during the 


trip. 
day and night, 


Trips were made at all hours of the 


with no change from normal 
of the 


operations being made on account 


study. 


Drivers were 
normal driving habits, 


not 


to 


change 


their 


and drove at speeds 
representative of other traffic. 


Analysis Procedures 


When the fieldwork had been completed, 


the first step 


in the analysis procedure was 


to list the consumption of fuel, travel time, 


and mileages traveled on each section for each 
data. 
were similarly listed for each 
section and trip, with stops being shown sep- 


trip, 
Speed changes 


arately from 


segregating 


rural 


slowdowns 


from 


in 


the 


urban 


Ohio 


and 


Washington data. Gallons per mile, minutes 
per mile, and speed changes per mile were 
computed separately for line-haul rural trips, 
for line-haul urban trips, and for city pickup 
and delivery trips. 
Rate of rise and fall 

Rise and fall was considered a variable with 
respect to fuel consumption rates and travel 
time. No significant variations were found, 
however, in either parameter for the rather 
narrow range of rates of rise and fall studied. 
As shown in table 1, rates of rise and fall for 
the rural highways studied ranged from 0.16 
for the route between Detroit and Toledo, to 
1.87 for the route between Seattle and Everett. 
Of the total mileage studied, 40.6 percent had 
and fall below 1.0, 47.7 percent 
had rates from 1.0 to 1.5, and 11.7 percent 
had rates from 1.51 to 1.87. The average 
rate of rise and fall for all rural sections studied 
The results reported for this study 


a rate of rise 


was 1.22. 


Table 3.—Number of trips and total miles observed for gasoline- 
and diesel-powered motor vehicles, classified by gross vehicle 





weights 
| 
Average 
gross 
Weight classes (pounds) vehicle 
weight 
| 
Line-haul vehicles: 
17,000-18,999__ | 17, 000 
19,000-23,999__ 21, 300 
24,000-29,999 _ 27, 000 
30,000-37 ,999__ 34, 500 
38,000-47 9990 __ 42, 000 
48,000-53,999__ 51, 200 
54000-61999 59, 500 
62,000 and over | 67, 900 
Total_... 
City pickup and delivery ve- | 
hicles: 
4,400-4,999__ 4, 600 
5,000-8,999__ __ 6, 000 
9,000-12,999__ 10, 500 
13,000-16,999__ | 14, 500 
' 
17,000-20,999__ 18, 500 
21,000-24,999__ | 22, 500 
25,000-30,499__ | 27, 500 
30,500-36,999 | 33, 300 
37,000-39,999__ 38, 500 
40,000-45,999__ 42,100 
51,000-51,990__ | 51,300 
54,000-59,999__ | 57,000 
62,000-69,999__ |} 66,000 
Total... | 
| 





Gasoline-powered | Diesel- ener “d 
vehicles vehicles 
et See Trey ‘ 
| Number} Total | Number! Total 
| of trips miles | of trips | miles 
| | observed | observed 
1 as | am |... | 
15 } 1,111 
| 55 3,085 | 
| 25 | 2,398 60 
123 11, 740 6 545 
| 98 | 8, 906 | 12 1, 641 
64 | 5,381 | 8 668 
| 42 3,520 | y 1,125 
| @ | 2a | 12 1, 503 
53 | 38,252 | 48 5, 542 
| 
| 
13 231 | 
25 1,172 | 
| babe) 1,775 | 
51 603 | 
6 67 | 
| 1 | os od 
} 80 18) 
| 18 | 232 «| | 
| 
3 81 | 
5 171 
| 3 OC 154 
| 4) 64 
| 32 | 70 | - 
| 366 | 5,138 | | 








Table 4.—Summary of fuel-consumption rates for line-haul trucks operating 
over rural highway, classified by gross vehicle weights and engine power 
characteristics ! 





| 
Gross vehicle 
weight (pounds) 


| 


17,000... ; 
21,300...... 
27,000. ... 

34,500 


42,000_._. 
51,200... i 
59,500... = 
67,900. ..... 





302-406 cu. in. 
gasoline-powered 


Actual | Computed | 


rate 


0. 150 
. 163 
.170 
. 196 


.214 
. 233 
. 233 


(140 hp.) 


rate ? 


0. 154 

. 163 

| 1175 
191 
| 207 
| . 226 
| .244 


450-549 cu. in. 
| gasoline- a red 
| (171 hp.) 


Actual | Computed 


} 


0. 152 
; ,189 
| . 210 


. 229 


. 246 
| .256 
} , 289 

. 298 
| 


} rate 7? rate 2 


Fuel-consumption rates in gallons per mile for vehicles with engine displacement of— 
590 cu. in. | 743 cu, in. 
gasoline- — | diesel-powered 
(225 hp.) -s (200 hp.) 
a 9U Sa ateamecae = 
Actual | Computed " Actual | Computed 
rate rate? | rate | rate? 
—— a ws 
0.173 \ rer Ee | 
. 185 of, ae ee ee : pon ban 
200 «| 0.243 | 0.241” «| 0.146 | 0.153 
2190 |. 247 | 2530 | 1176 |. 162 
.239 «| «6278 | £286 176 | .171 
. 263 273 | . 280 164 | 182 
. 285 | , 287 | . 294 ; . 189 193 
. 307 | 314 | = .307 | 212 | 203 
} | 


| 
| 








' Average rate of rise and fall, 1.2 feet per 100 feet. 
2 Computed rates are based on “the following formulas: 302-406 cu. in., 


0.1288+-0.00262W ; 590 cu. in., 


of pounds.) 
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0.1975+-0.00162W; and 743 cu. in., 0.1194+0. 001220W. 


0.1177+0.00212W; 450-549 cu. in., 
(W=GVW in thousands 


reflect the average values for all highway 
sections without regard to variations in rise 
and fall. 

Vehicle weight groupings 


It precise 
schedule of vehicles and gross vehicle weig)its 


was not possible to set up a 


to be observed, since the demand for commer- 
cial freight in normal operations did not per- 
mit the selection of a specified gross vehicle 
weight. It was hoped that the plan to ob- 
serve a minimum of three vehicles for each of 
several weight-class intervals would result in 
an even distribution within the class interval. 





This, however, was not the case and it was 
necessary to form new 


groupings in the 


gross vehicle weight 
analyses. The most signifi- 
cant groupings for the line-haul and _ pickup 
and delivery vehicles, together with the 
number of trips and total miles observed in 
each grouping, are shown in table 3. It is 
evident that sizable mileages were logged in 
each type of service and that a reliable base 
exists for the development of fuel consump- | 
tion and travel time rates. 
Engine size groupings 

The gasoline-powered vehicles observed on 
line-haul operations were grouped, for pur- 
poses of analyses, into three engine displace- 
ment size groups consisting of 302-406 cubic 
inches, 450-549 cubie inches, and 590 cubic 
inches. Vehicles with 743-cubic-inch  dis- 
placement diesel engines were also studied 
as a group. The net horsepower for the | 
four groups of engine displacement 
determined to be 140 horsepower for the 
302—406-cubic-inch size group, 171 horsepower 
for the 450-549-cubic-inch size 225 
horsepower for the 590-cubic-inch size group, 
and 200 for the 743-cubiec-inch diesel engine. | 

A grouping of city pickup and delivery | 
vehicles by power characteristics was con- [ 
sidered but found impractical for the purposes [7 
of analysis because of the irregularity of the 
service, which resulted in wide variations in 
the speed of operation, number of deliveries, | 
stops per mile, idling time, and the rate of 7 
discharge of cargo. 


were 


group, 


Average Fuel Consumption Rates 


3 


rates of fuel 
Two fuel 
consumption values are shown for each group 
of vehicles with similar power characteristics 
One is the actual rate and the other is the 
computed rate, shown in figure 1 as straight | 
line relationships, which were derived from 
the actual average values. The rates of rise 
and fall were 1.18 feet per 100 feet for the 
302-406-cubic-inch group, 1.20 feet per 100 
feet for the 450-549-cubic-inch group, 1.2! 
feet per 100 feet for the 590-cubic-inch group, 
and 1.22 feet per 100 feet for the 743-cubic- 
inch diesel engine. The variation in rise and 
fall appeared to be rather insignificant and 
therefore a valid comparison of the motor-fuel 
consumption rates for the several grou ings 
of vehicles is practical. 

It may be noted that the vehicles wit! 
larger power plants used appreciably 
gasoline for a given average weight. 


A summary of the average 


consumption is shown in table 4 


a Srecstabe 


ete tn 


rou. 


the 
ore § 


For 


April 1960 e PUBLIC ROADS 








Fis 


ins 
poi 
gro 
wei 
tio: 
con 
vel 
rep 
0.21 
lar; 
per 

' 
tio: 


35 


30 


GALLONS PER MILE 









































































































































vo .32 the medium power group a 20,000-pound 
. ¥ . . 
se vehicle consumed 0.181 gallon per mile, or 
0.091 gallon per mile per 10,000 pounds, 
Pg while a vehicle weighing 60,000 pounds 
.30 rs which consumed 0.285 gallon per mile actually 
Be consumed only 0.048 gallon per mile per 
ts ff 10,000 pounds, indicating that as gross vehicle 
r- : y, weight is increased the fuel economy per unit 
T .28 of gross weight is improved. 
le & 
b ' Gasoline and diesel fuel comparison 
of For the same gross vehicle weight averages, 
in 26 the diesel-powered vehicles consumed con- 
il. & siderably less fuel than the gasoline-powered 
as BF “ vehicles with approximately the same power 
h ] a characteristics. For example, a vehicle with 
t x = , 
fi- 24 £ a 590-cubie-inch gasoline engine and an 
1p 7 average GVW of 60,000 pounds consumed 
he rw approximately 0.294 gallon per mile, while 
in 7) a vehicle with a 743-cubic-inch diesel engine 
is < 22 and a similar weight consumed 0.193 gallon 
in nm per mile. In this case the diesel consumption 
se = rate was 66 percent of the gasoline consump- 
ip & Oo tionrate. However, the foregoing comparison 
20 , does not represent results obtained over 
. a identical routes. 

A comparison of gasoline and diesel fuel 
on consumption rates for vehicles traveling over 
ur identical routes was possible from the data ob- 
ce- 18 / tained in the State of Washington. The 
bic 4 diesel-powered combination units traveled a 
bie f total of 5,542 miles on 48 trips. Twenty- 
lis- § eight of these trips, totaling a distance of 3,617 
. ol 
ied [. 16 - miles, were traveled over the same routes used 
the if A by gasoline-powered trucks on 32 trips, total- 

By . ‘ 7. . ° ° 
ere \ ing 3,966 miles. By grouping gross vehicle 
the & 14 weights into class intervals, it was possible to 
ver ; : obtain average consumption values that were 
95 i . . . 
220 [ 0 10 20 30 40 50 60 70 directly comparable with respect to rise and 
up, GROSS VEHICLE WEIGHT-THOUSANDS OF POUNDS fall rates and gross vehicle weight. Of the 
ne Figure 1.—Motor-fuel consumption rates of rural line-haul trucks by size of engine for Vehicles with gasoline engines, 21 trips were 
ery 1.2 rate af rise and fall. made by vehicles with engines of 461-cubic- 
on- § inch displacement, 3 with engines of 450- 
ses |} Instance, in figure | it is seen that gasoline- In the medium power group, for instance, a  cubic-inch displacement, and 8 with engines 
the powered vehicles in the lowest engine power vehicle weighing 20,000 pounds consumed of 590-cubie-inch displacement. For the 32 
in group with an average GVW (gross vehicle approximately 0.181 gallon per mile, while trips, the average net horsepower of the 
ies, Fi weight) of 40,000 pounds had a fuel-consump- a _vehicle weighing 60,000 pounds consumed — vehicles with gasoline engines was 199 horse- 
-of | ton rate of 0.202 gallon per mile. This 0.285 gallon per mile. However, despite power, as compared with the 200-horsepower 
) compares with 0.233 gallon per mile for the fuel-consumption rate increase with gross diesel engines, The results are summarized 
vehicles in the medium power group, which vehicle weight increase, there was a decrease in table 5 and the relationships derived from 
re ‘ represents a 15-percent increase; and with in the fuel consumption per 10,000 pounds the average rates of fuel consumption are 
5 0.262 gallon per mile for vehicles in the of gross vehicle weight. For example, in shown in figure 2, 
fuel. largest gasoline-engine power group, a 30- 
fuel |. Percent increase. Table 5.—Gasoline and diesel fuel consumption rates for line-haul trucks 
‘ : traveling over the same rural routes, classifie y gross vehic ei I 
oup Also, it may be seen that the fuel-consump- . ae a Sa 
ies tion rate increased with gross vehicle weigl 
L1¢ / g 2 > weight. ; | Total Total |Actual rate,)}Computed 2) Actual oe Se 3 
the & 35 Gross vehicle Number} miles | gallons | miles per | rate, miles | gallons per | rate, 
} | T ] T weight (pounds) | oftrips | traveled con- gallon | per gallon mile | gallons per 
ight | | | sumed | mile 
rom A in | — = : i i: 
rise - Gasoline: | 
Bg 2 30,400_. - - l 63 14, 34 4.393 | 4.452 | 0.228 0. 221 
the , 2 | i | 2 284 66.77 | 4.253 | 4.224 | . 235 . 237 
100 & sical (aman ——— 46,800 _ - 7 993 254.89 | 3.896 | 3.867 | . 257 . 263 
1 57,900_- 14 | 1,831 =| 529.23 3. 460 3.472 | 289 . 292 
1208 ¢g it aa 1 | 142 | 4245 | 3.345 | 3.308 | . 299 . 303 
- 2A oo Se 7 653 213.25 | 3.062 |} 3.101 . 327 | . 318 
oup, 2 . Total or } | 
tet ° | average _ _ 32 | 3, 966 1,120.93 | 3. 538 sie f . 283 ol » 
ibie | ° } Diesel: | | 
and te eee Sat | | 32,600. i. 65 | 9.15 7.104 | 6.723 0.141 | 0.158 
, ;@ 41,500-. _-. 7 923 163. 89 5. 632 | 6,229 .178 | 168 
and } if eS 6 618 105.17 | 5.876 | 5. 668 | .170 | 179 
fuel | | | | | 58,100... -- | 8 1,146 | 219.87 | 5.212 | 5.306 | 192 | 187 
_ - - 69,900_____- 6 865 182.15 | . 749 . 65 ‘ | 200 
ine 0 20 30 40 #50 #260 °#«70 ” otal or | —— | ee 7, ee ee 
GROSS VEHICLE WEIGHT-THOUSANDS OF POUNDS average. ___| 28 | 3,617 | 680.23 | 5.317 i . 188 | " 
ye ‘ ° | | 
the Fi. tre 2.—Comparison of gasoline and 
4 diesel fuel consumption r - 1 Average rate of rise and fall, 1.17 feet per 100 feet. ; 
nore Sf pu ne ates of rural ? Computed miles-per-gallon rates are based on the following formulas: gasoline, 5.53486—0.03563W;; diesel, 
- te-haul trucks operating over the same 8.5345—0.05556W 
For J r sutes ’ Computed gallons-per-mile rates are based on the following formulas: gasoline, 0.14217+0.00258W diesel, 
Ss. 0.12106+0.001183W. (W=GVW in thousands of pounds.) 
aps PUSLIC ROADS e Vol. 31, No. 1 25 
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percent difference for a GVW of 20,000 | 
pounds to a 32-percent difference for a GVW | > 
of 70,000 pounds. 
A comparison of the rural and urban fuel | 
40 A consumption rates for diesel-powered trucks | 
observed in line-haul service, however, shows 
that there was little pereentage difference 
PA where the GVW was from 40,000 to 50,000 
.35 pounds, but where the GVW approached 
us a 70,000 pounds there was a 27-percent higher 
=) 2 consumption rate in urban travel. 
= oY Again, figure 3 shows the fuel consumption 
30 Ss 4 shea mea eg 
x: , advantage of the diesel engine. 
i 4 a _ tates 
oe, Ks City pickup and delivery vehicles 
oF -< en outth 
< 25 we ain City pickup and delivery motor-vehicle 
«a * "4 coy gasoline consumption rates are shown in 
? o> AS i figure 4 for two different rates of rise and fall. 
oO war ye? The straight-line values were derived from 
20 Be ~ AUR Be actual average values. In Seattle, where the 
. a of preset rate of rise and fall averaged 2.1 feet per 100 
feet, the gasoline consumption was 18 percent 
a higher at 10,000 pounds GVW and 14 percent 
A A higher at 40,000 pounds GVW than the cen- 
AS a sumption rate in the other three cities where 
the rise and fall was about 0.5 feet per 100 feet. 
It will be noted that gasoline consumption 
10 increased as gross vehicle weights increased, 
" as was the case for line-haul operation. It 
0 10 20 30 40 50 60 70 may also be noted that the consumption rates 
GROSS VEHICLE WEIGHT—-THOUSANDS OF POUNDS approximate very closely the values shown in 
Figure 3.—Comparison of rural and urban motor-fuel consumption rates of line-haul figure 3 for gasoline-powered vehicles in urbat 
trucks. line-haul service. Consumption rates for 
For a GVW of 70,000 Is, as shown i ” | 
aG of 70, pounds, as shown in 
figure 2, the gasoline consumption rate was WHOLESALE MOTOR-FUEL 
0.322 gallon per mile, or 3.11 miles per gallon; DELIVERY, COLUMBUS, OHIO 
and the diesel consumption rate was 0.200 45 | | | 
gallon per mile, or 5.00 miles per gallon. In : | | | wai 
effect the diesel-powered vehicles traveled | | | | 
about 53 percent more miles per gallon of fuel | | | 
than did the gasoline-powered vehicles. A | | | | 
similar comparison for a GVW _ of 50,000 -40 T T — es iz 
pounds indicated that the diesel-powered | 
vehicles traveled about 52 percent more miles | | | 
per gallon of fuel than gasoline-powered Ww | | F 4 
vehicles. A comparison of the average rate 2 35 | T i | _ 
for all gasoline-powered vehicles for all 32 = SEATTLE, WASH. 
trips with that for all diesel-powered trips a (2.1F T/IOOFT.) 
shows that 51 percent more mileage was 2 
obtained by diesel-powered vehicles on the ww .30 ae = 
same gallonage of fuel. This relative value 2 
is based on the total miles traveled and total 1) 
gallons consumed shown in table 5. The - Wi, air 
average diesel consumption rate of 0.188 gal- s 25 
lon per mile was 66 percent of the average Fa 
gasoline consumption rate of 0.283 (also 
shown in fig. 1). FA 
Rural and urban comparison -20 
= ; ; WASHINGTON, D.C. 
oo ae COLUMBUS, OHIO 
haul rural and urban travel are shown in 15 /) SETH, HUGH. (C-SP Teer Tt.) 
table 6. The computed rates, obtained from ‘ if V4 | 
the straight-line relationships shown in figure Jf | 
3, were derived from the average actual rates. | 
Referring to figure 3, the fuel consumption 10 | 
rates for gasoline-powered vehicles in urban a 
travel appear to be considerably greater than 0 10 20 30 40 50 60 70 i 


the gasoline consumption rates in rural travel. 
The fuel consumption percentage differences 
in rural and urban travel range from a 25- 


26 
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Figure 4.—Motor-fuel consumption rates at different rates of rise and fall for city delivery 
vehicles. 
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Table 6.—Gasoline and diesel fuel consumption rates for rural and urban 
line-haul operations, classified by gross vehicle weights 





Gasoline and diesel fuel consumption rates in gallons per mile 





Gross vehicle Ss Satin ee 
weight (pounds) 


Rural travel 











Gasoline-powered vehicles 


Urban travel 


Actual Computed | Actual | Computed | Actual | Computed | Actual Computed 

rate rate | rate rate ! rate rate ! rate rate 
17,000 0. 150 0. 152 0.175 0. 189 
21,300 . 166 | . 165 . 218 . 207 
27,000__ 184 | 182 232 . 230 Bh ee 
34,500_ - 206 | 204 . 2638 . 261 0.176 | 0. 167 0. 147 0. 146 
42,000__ 229 | 227 .201 | =. 292 176 | .174 .179 169 
51,200_- . 243 . 254 . 332 . 330 . 164 184 180 198 
59, 500__ __ : 280 279 . 365 . 364 . 189 192 225 224 
i as . 304 . 395 399 . 212 . 200 255 | 250 

| 


Diesel-powered vehicles 


Rural travel Urban travel 








1 Computed rates are based on the following formulas: gasoline, rural, 0.10115+0.00299W ; gasoline, urban, 


0.11865+-0.00413W; diesel, rural, 0.13180+0.00101W; diesel, urban, 0.03924+0.003L0W . 


sands of pounds.) 


W=GVW in thou- 


Table 7.—Comparison of motor-fuel consumption rates of three studies of 
trucks operating over rural highways,! classified by gross vehicle weights 








Motor-fuel consumption in gallons per mile from indicated studies 
1948 Penn 
1958 five-State study 1937 Oregon study sylvania 
study 
Average gross _. 
vehicle weight 
(pounds) Gasoline-powered vehicles 
Diesel Gasoline Diesel Gasoline 
Engine cubic inch dis- powered powered powered powered 
placement of vehicles vehicles vehicles vehicles 
Average 
302-406 450-549 5Y0 
20,000 0. 160 0. 181 0. 161 0.135 
30,000 181 207 0. 246 191 0. 156 0. 203 0), 128 170 
40,000 202 234 262 221 169 251 157 200 
50,000-- * 224 260 . 279 . 201 Isl 295 1S3 228 
60,000 245 286 295 . 281 193 255 
70,000 312 311 311 205 282 








! Rate of rise and fall for Oregon data was 1.0; 


wholesale motor-fuel delivery vehicles are 
shown separately in figure 4 as they were not 
considered for this study as multi-stop city 


delivery vehicles. 
Comparison with previous studies 


in this 
study have been compared with results found 
in two previous studies- 


Fuel-consumption rates obtained 
a 1937 Oregon study 


The 


for the other study data it was 1.2. 


comparison of these consumption rates are 
given in table 7 and illustrated graphically 
in figure 5. the 
average consumption rates found in the 1958 
study, rather than the rates found for the 


individual groupings of vehicles, 


For comparative purposes, 


were used 
Considering the entire gross vehicle weight 


range, the consumption rates obtained in the 
list 


2 Italie numbers in parentheses refer to the of references 














1958 study were found to be approximately 
10 pereent higher than corresponding data 
reported in the Pennsylvania study, which 
were obtained by controlled tests on new 
vehicles. The higher motor-fuel consumption 
rates in commercial operation as compared 
with the controlled test operation can be 
ascribed partly to a greater prevalence of 
speed changes in commercial operation than 
had been encountered in the test truck opera- 
tion, and partly to the fact that the com- 
mercial truck engines were not kept to the 
high degree of performance efficiency as the 
controlled test trucks, which were regularly 
maintained by factory mechanics. 

It appears that the results in the Pennsyl- 
vania study, which covered a much wider 
range of gross vehicle weights and rates of 
rise and fall, may be increased by 10 percent 
and used to represent the fuel characteristics 
of vehicles now in actual commercial service. 

Gasoline consumption rates in the 1937 
Oregon study and the 1958 study were quite 
similar the lower weights 
but the Oregon study gasoline consumption 
rates were higher by nearly 20 percent for 
the gross vehicle weights at 50,000 pounds. 
Diesel-fuel consumption figures in the Oregon 
study were lower than the 1958 study diesel 
consumption rates by as much as 380 percent 


in gross. vehicle 


in the lower weight ranges but were almost 
identical for gross vehicle weights at 50,C00 
pounds. 


Average Time Consumption Rates 


The 


commercial 


travel time consumption rate of 
motortrucks in rural line-haul 
operation was analyzed in two different ways. 
The first analysis was made to determine the 
travel time of vehicles for all trips, without 
and fall traffic friction. 
This analysis was made in a manner similar 
that used for determining the fuel-con- 
sumption rates. 


considering rise or 
to 
Actual and computed travel 
time consumption rates are given in table 8. 
In figure 6, straight lines are used to relate 
travel time and gross vehicle weight for each 
of the characteristic groups. — It 
seen that vehicles with engine displacement 


engine 1S 

























































































(7), and a 1948 Pennsylvania study (2).? on p. 31. size of 302-406 cubie inches, which traveled 

35 1.9 | 
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Fi_ure 5.—Comparison of data from 3 reports on motor-fuel 
consumption rates of line-haul trucks. 
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Figure 6.—Comparison of average time consumption rates of 
rural line-haul trucks by engine size for 1.2 rise and fall. 
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Table 8.—Rates of travel time consumption for trucks in rural line-haul service in 


5 States, 1957-58 ! 






































Travel time-consumption rates in minutes per mile for vehicles with engine displacement of — 
| ; oh =A 
Gross vehicle | 302-406 cu. in., gaso- | 450-549 cu. in., gaso- | 590 cu. in., gasoline | Gasoline 743 cu. in., diesel 
weight line (140 h.p.) engine | line (171 h.p.) engine (225 h.p. } engine engine | (200 h.p.) engine 
(pounds) we es was ae Tae aS i. aes _ 
| Actual | 
Actual | Computed | Actual | Computed | Actual | Computed rate Actual | Computed 
rate rate ? rate rate 2 rate rate 2 rate | rate 2 
| | 
ae 1. 434 1. 478 2 | | tle wayots - <enbaws 1, 434 ‘ 
aaa 1. 506 2 a ee ee ah wopme s 1. 506 ceacak o saieeshus 
27,000_ _- 1. 649 1563 | 1. 467 1. 436 1.606 | 1, 593 1. 592 REPELS: igitanont 
34,500____. 1.619 1, 627 | 1. 520 1. 501 | 1.590 | 1, 626 1, 596 1.636 | 1. 567 
| | 
42,000_ 1. 687 1. 691 1. 526 1. 566 1.662 | 1. 659 1,620 | 1. 460 1. 571 
51,200... 1. 728 1.769 | 1.626 1.645 | 1.738 | 1.699 | 1.692 1, 616 1. 576 
59,500... _- | 1, 859 1.840) | 1. 660 1.717 1, 724 | 1.735 | 1.696 1. 569 1. 580 
67,900. _ c | 1, 859 1.790 1. 761 1.771 | 1.797 1.598 | 1.585 
} | 
Average _ ._. a fl nes 1. 586 " | a 2 ae | 1, 625 1.559 | 











1 Average rate of rise and fall, 1.2 feet per 100 feet. 


2? Computed rates are based on the following formulas: 302-406 cu. in., 
1.476+-0.004347 W ; and 743 cu. in., 1.549+-0.000526W. 


590 cu. in., 


1.333+-0.008516 W ; 450-549 cu. in., 1.203+-0.008642W ; 


Table 9.—Summary of travel time consumption rates, by gross vehicle weights 
and power characteristics, for urban line-haul freight vehicles and city 


delivery vehicles 











T 
1} 
Time-consumption rates in minutes per mile for urban line-haul || Time consumption rates in 
vehicles with engine displacement of— minutes per mile for city 
|| delivery vehicles 
iain mnie tay a 7? eo eee Tees wae 
302-406 | 450-549 | 590 | Average! 743 || | All 
Gross vehicle cu. in., | eu. in., cu. in., | gasoline | cu. in., Gross vehicle | gasoline 
weight (pounds) | gasoline | gasoline | gasoline | engine diesel || weight (pounds) | engines 
engine | engine | engine engine |} | 

<* eames CITE EAE Maid A Mee PE MNO: 
17,000.......-. _.| 3.207 | 2.868 ee | 4,600...... | 8.854 
/ ee | 2. 909 3.473 | ‘ 2. 987 ial Pi cobsenswasies | 5. 736 
i =e — 3. 388 2. 818 2. 957 3. 182 | 2. 556 \ coe oie erin nae 6.181 
a 3. 260 2.973 | 2. 378 3. 136 2.353 || 14,500 ‘ §. 125 
42,000............| 3.274 | 3.082 2. 728 3. 167 | 2.507 || 18,500... | 4.500 
as 3.513 | 2.914 | 2. 283 3. 253 2.901 || 22,500_. > 5. 502 
ao 4.533 | 2.987 | 2.532 3.435 | 3.043 || 27,500.....-.- 4. 847 
se 4.486 | 2. 630 2.815 3.039 | 2. 784 33,300___ 3 ‘ 4.184 
Average......- 3. 306 2. 997 2. 671 3.156 | 2. 740 Average...------| 5.443 











at a rate of 1.59 minutes per mile with a GVW 
of 30,000 pounds, traveled at 1.85 minutes 
per mile when the GVW was 60,000 pounds. 
Vehicles in the 450-—549-cubic-inch engine size 
group traveled 1.46 and 1.72 minutes per mile 
at corresponding weights. The straight-line 
relationships for these two engine groups were 
approximately parallel, indicating a constant 
rate of increase in travel time consumed with 
increase in gross vehicle weights. 

The vehicles with 743-cubic-inch 
engines maintained a much more constant 


diesel 


speed with respect to gross vehicle weights 
than those with the larger gasoline engines, 
showing an increase of only 0.02 minute per 
mile from 30,000 to 60,000 pound GVW. 
The travel time consumption rates of 
commercial vehicles in urban line-haul and 
in city pickup and delivery service are shown 
in table 9. Although time-consumption rates 
were not found to vary in a uniform manner 
with gross vehicle weight, it was noted that 
as the power characteristics of engines in- 


creased the time consumption decreased. 


Table 10.—Average speeds of gasoline- and diesel-powered trucks, experiencing 
less than two slowdowns per mile and no stops in Ohio and Washington 


rural line-haul operation ! 





Gross vehicle 
weight (pounds) 


302-406 cu. in. gaso- 
line engine 


| 
| 
| 
| 





bint senina rates 2 


| 450. 549 cu. in. gaso- 








| 590 cu. in. gasoline | 743 cu. in. diesel 
| : 














line engine engine engine 
| | 
| ; i i re 
Minutes | Miles per Minutes | Miles per} Minutes | Miles per| Minutes | Miles per 
|? per mile hour | per mile hour per mile hour | per mile hour 
iesthapiatiniimaclaat | es ee aoe ae Bemeeee i eS 
|, oe a 44.8 Seren (Epc jouw Wc 
21,300__ -| 1.38 Pe ee ee, Een Bee 
27,000__ = 1. 43 42.0 | 1. 35 44.4 1. 36 en, 2 deces " . 
Beet ncccece a 1. 50 40.0 | 1. 40 42.9 | 1. 38 43. 5 1, 483 40.5 
42,000... 1. 57 38.2 1.44 41.7 | 1. 40 42.9 1. 486 40.4 
| PRE 1.65 36.4 1. 50 40.0 1. 43 42.0 1. 490 40.3 
ee Mts 1. 56 38.5 | 1.45 41.4 1.493 | 40.2 
a ‘ inion 1.61 37.3 | 1.47 40.8 1. 497 40.1 
' Average rate of rise and fall, 1.3 feet per 100 feet. 
2 Rates were computed by the following formulas. 2-406 cu. in.: m.p.m., 1.18035+0.00916W; m.p.h., 


49.1986 —0.25747W 
450-549 cu. in.: m.p.m., 1.17435+0.00643W ; 
590 cu. in.: m.p.m., 1.2909+0.00264 W ; 


m.p.h., 
743 cu. in.: M.p.m., 1.4696+-0.00040W ; 


m.p.h., 


28 


m.p.h., 
46.0567 —0.07742W . 
41,1719—0.01905W. 


49.2757—0.17956W. 


(W =GVW in thousands of pounds. ) 


Referring to the average time-consumpticn 
rates for all gasoline-powered vehicles (tables 8 
and 9) it will be seen that vehicles in rural 
line-haul service traveled at an average race 
of 1.625 minutes per mile, or 36.9 miles per 
hour; vehicles in urban line haul traveled 
at 3.156 minutes per mile or 19.0 miles per 
hour; and all city pickup and delivery vehicles 
at 5.443 minutes per mile or 11.0 miles per 
hour. Similar figures for diesel-powered 
vehicles were 1.559 minutes per mile, or 38.5 
miles per hour for rural line-haul operation, 
and 2.740 minutes per mile, or 21.9 
hour for urban line-haul operation. 


Average speeds in free-flowing traffic 


The second analysis made of trave! time for 
rural line-haul operations involved the de- 
sired speeds at which vehicles traveled in 
free-flowing traffic when they apparently were 
unrestricted except by speed limits or safe 
driving speeds. It was possible to study the 
speeds by analyzing time-consumption rates 
on certain highway sections in Ohio and Wash- 
ington where trucks traveled without experi- 
encing more than two slowdowns per mile and 
no stops. The average operating speeds under 
these conditions were related to the four 
groupings of engine sizes and power character- 
isties and to gross vehicle weight, as shown in 
table 10 and figure 7. 

Travel time, in minutes per mile, incr 
sharply as the gross weight of gasoline-powered 
commercial trucks in the lowest range of 
engine size and power increased. Conversely, 
of average road speeds decreased 
sharply. However, as the engine horsepower 
and gross vehicle weight increased, the travel 
time increase was less pronounced. This is 
reflected by the steepness of the slope of the 
lines per 10,000-pound increase in GVW. For 
the lowest gasoline-powered engine size, the 
rate increased 0.09 minute per mile for each 
increase of 10,000 pounds in GVW. For the 
medium gasoline-powered engine size, the cor- 
responding increase was 0.06 minute per mile, 
and for the 590-cubic-inch engine 
powered vehicles and the diesel-powered ve- 
hicles the increases were 0.03 and 0.01 minute 
per mile, respectively. 

The relative performance of the four group- 
ings of vehicles (fig. 7) point up the considera- 
tion that while better fuel economy is attained 
with smaller engines for the gross vehicle 
weights investigated, the penalty of using 
smaller engines is an increase in travel time 
consumption at higher vehicle weights. 


~ased 


course, 


gasoline- 
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Figure 7.—Average time consumption raies 
for trucks operating in free-flowing tra{'ic 
on rural line-haul service with an avera ze 
rate of rise and fall of 1.3 feet per 100 fect. 
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Tirme-consumption rates compared 


Another important use of the current study 
data was in comparison with the average time- 
consumption rates reported in the 1948 Penn- 
sylvania study (2). Travel-time-consumption 
rates are graphically illustrated for the two 
studies in figure 8, using the average rates for 
all vehicles. 
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Figure 8—Comparison of 1957-58 travel 
time rates for rural line-haul gasoline- 
powered trucks for 1.2 rate of rise and fall 
with 1948 Pennsylvania study data based 
on 1.3 rate of rise and fall. 


The time-consumption rates obtained in the 
1958 study, considering the average travel 
time for all conditions of traffic, are labeled 
“average traffic’ in figure 8 and were found to 
be 26 percent higher than corresponding data 
reported in the Pennsylvania study. A com- 
parison of greater significance, however, can 
be made between the 1958 study, identified in 
figure 8 as “free-flowing traffic,’ and those of 
1948 Pennsylvania study, because both were 
made under similar The time- 
consumption rates of gasoline-powered trucks 
traveling in free-flowing traffic were 10 per- 
cent higher than corresponding data reported 
in the Pennsylvania study. 


’ 


conditions. 


Effect of Traffic on Performance 


One of the main objectives of the study was 
to investigate the effect of varying traffic 
volumes on the performance of commercial 
vehicles. Other studies (1—4) have made a 
good start in determining the fuel consumption 
and travel time for uniform speeds, stops and 
starts, and slowdowns; and in finding out how 
certain factors, such as gradient, rise and fall, 
horizontal curvature, vehicle weight, 
and engine characteristics, effect fuel and 
time consumption. However, little has been 
available in the literature as to the effect of 
vary ing traffie volumes. 

It was hoped that this study would provide 
&’ means for estimating the added operating 
cost brought about by frictions in the traffie 
stream, The basic approach was one of con- 
sidering the number of speed changes per mile 
for varying volume conditions, the percentage 
of the total number of speed changes that 
were stops and starts, and the average speed 
cha 


gross 


xe in terms of miles per hour of a stop or 
flown. It was reasoned that if such infor- 
mation could be provided, the added cost for 
hay ig to operate other than at a uniform 
spe... could readily be assessed. 


sloy 


Spo d changes per mile 


\.at are probably the most. significant 


res’ \s of this study, speed changes per mile, 
wer computed for trucks with different 
ero Weights operating over three types of 
tur highways with varying average daily 
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traffic and are shown in table 11. 
tempt 
for urban operation, but the lack of traffic 
data for the irregular routes traveled made 
this impossible. 


on 
facility with those on the 4-lane undivided, 


speed changes per mile 
trolled-access 


An at- 
was made to develop similar data 


The average values of speed changes per 


mile (from table 11) are shown in figure 9 
as straight-line relationship established for 
the three types of highways. 
accruing from the elimination of impediments 


The benefits 
to free-flowing traffic are clearly illustrated 
by comparing the speed changes per mile 
the 4-lane divided, controlled-access 


uncontrolled-access facility. For an average 


daily traffic of 15,000 vehicles, there were an 
average of 2.0 speed changes per mile on the 
4-lane uncontrolled-access highway as com- 
pared with a rate of about 0.8 on the 4-lane 
controlled access highway. 


Speed changes 
per mile on 2-lane highways increased from 
2.0 to 2.8 where the average daily traffic 
increased from 5,000 to 10,000. In contrast, 
on the 4-lane uncon- 
1.5 


average daily traffic 


highway increased from 


1.8 over the 


range, 


to same 
Data for 4-lane divided highways with no 
access control were not obtained in sufficient 
quantity for analysis. It is to 
expect that the relationship for this type of 
highway would fall between that for the two 
4-lane highways shown in figure 9, and would 
probably lie closer to the 4-lane undivided, 
uncontrolled-access highway. 


reasonable 


Table 11.—Speed changes per mile made by 


highways with varying 


Analysis of speed changes 


Of considerable importance among the 
data obtained were the percentages of total 
speed changes representing stops and slow- 
downs. Speed changes caused by stops and 
slowdowns are presented in table 12 from 
results of the studies made in Ohio and 
Washington, the only States where stops 
recorded. On the average, complete 
oceasioned about 11 percent of the 
speed changes in rural line-haul operations 
and about 45 percent in urban line-haul 
operations. 


were 
stops 


Compiled from the limited data available, 
an analysis of speed changes in miles per hour 
was made and it was found that an average 
stop in rural areas was made from a speed 
of 26 miles per hour. On city streets the 
average stop was made from a speed of 18.9 
miles per hour, The average change in speed 
for slowdowns in both rural and urban areas 
was 11.4 miles per hour. 

To illustrate the significance of a speed 
change in terms of motor-fuel consumption 
and to confirm that fuel consumption in- 
creases with an increasing number of speed 
changes per mile, gasoline-consumption rates 
were computed for road sections having 
different rates of speed change per mile, for 
different gross vehicle weights. The average 
rates are presented in table 13 for the three 
types of operation, 

The straight-line relationships established 
for the data in table 13 are shown in figure 10, 
It is seen that an increase of one speed change 


trucks operating over three types of rural 
average daily traffic 
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ao Speed changes per mile for vehicles with average gross 
Average daily traffic | Highway | Number Total vehicle weight (1,000 pounds) of — 
on indicated highways | section | of miles 
mileage trips traveled | 
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Figure 9.—Average speed changes per mile for rural line-haul trucks, by average daily 
traffic and type of highway. 
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Table 12.—Number 
of trucks 





and percentage of speed changes occasioned by slowdowns and stops 
in Washington and Ohio rural and urban line-haul travel 





Washington 
Speed Changes = | 
| Slow- Stops Speed | 
| downs changes 
| 
Rural line-haul: } 
Number- | 5,358 795 6, 153 
Percent | 87.1 12.9 100.0 
Urban line-haul: 
Number 1, 220 613 1, 833 
Percent. 66.6 33.4 100.0 





| 
Ohio Total 
_ ae ee 
' 

Slow- Stops Speed Slow- Stops Speed 
downs | changes downs | changes 
8, 036 935 8, 971 13, 393 1,731 | 15,124 
89.6 10.4 100. 0 88.6 11.4 100.0 
1, 581 1, 688 3,269 | 2,801 2, 301 5, 102 
48.4 51.6 100. 0 54.9 45.1 100. 0 








per mile for a vehicle weighing 30,000 pounds 
traveling on a rural highway resulted in an 
average fuel-consumption increase of 0.010 
zallon per mile. The corresponding increase 
for vehicles in urban line-haul operation was 
0.021 gallon per mile, and for city delivery 
vehicles the average was 0.0056 
gallon per mile. The greater rate of speed 
change for urban line-haul operation as com- 
pared to rural line-haul operation is probably 
due to the higher incidence of stops and slow- 
downs. City pickup and delivery vehicles 
consume less gasoline per speed change than 
the urban line-haul vehicles 
and slowdowns 
evidenced by an 
hour. 

Also of importance is the indication that 
fuel consumption attributable 
change increases with gross vehicle weight. 
For example, the fuel consumed for an in- 
crease of one speed change per mile for rural 
line-haul operations was 0.0092 gallon 
vehicles with 20,000 pounds GVW 
0.0142 gallon for 50,000 pounds. 


increase 


because stops 
are of lesser magnitude, as 


average speed of 11 miles per 


to a speed 


for 
and 


Data for travel time-consumption rates due 
to one speed change per mile were also de- 
veloped, and are shown in table 14. The 
average time-consumption rate did not appear 
to increase with gross weight but the average 
value for all gross vehicle weights increased as 
the speed changes per mile increased. 

The average time consumed in one speed 
change for rural line-haul operation was found 
to be 0.26 minute, or 15.6 seconds; for urban 
line-haul 0.27 16.2 
and for city pickup and delivery 
operation 0.38 minute, or nearly 23 seconds. 
In spite of the fact that the speeds from which 
stops and slowdowns were made were higher 


operation minute, or 


seconds; 


in rural than in urban line-haul operation, the 
time consumption per speed change is about 
the of 
total speed changes that are stops is much 
higher in the urban line-haul. 


equal, probably because percentage 


The increased fuel- and time-consumption 
rates for one speed change have been developed 
principally for illustrative purposes, although 
they be used in benefits. 
When data controlled 


can estimating 


are available from 


Table 13.—Gasoline-consumption rates for trucks in line-haul and city pickup 


and delivery operation for various rates of speed change per mile 


Average gross vehicle 
weight (pounds) 





| an ee 
| Line-haul, rural 
17,000 0. 134 
34,500 180) 
42,000 “= 200 
53, 000 . . 228 
57,000 s 239 
68,000 26s 
Average 197 220) 
Line-haul, urban 
17,000 0.143 0.149 
26,000 159 180) 
} 28,000 
§2,000 206 268 
58,000 217 
49,000 202 
61,000 
| 62,000. 
Averace 185 224 


City pickup and delivery : 


| 
6,00 
10,500 
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Gasoline-consumption rates in gallons per mile for indicated number 


of speed changes per mile 


4 5 7 9 12 
0. 160 0. 181 me 
22) 250 
255 Se icetcs. h' oaks 
ae . 300 . 322 
aa 311 
251 279 
. 0. 153 
198 0. 324 
0. 246 
328 . 409 426) 
457 SS ea 
373 ee : 
. 465 
209 333 382 
Oo. : eee 0. 145 
131 ae sa 147 
165 : 206 | 
204 FR = AR, 250 | 
. 229 ‘ * = wet .279 | 
143 168 | 








tests (3-4) on a variety of vehicles, the data 
herein presented may be refined. 


Cost of a Speed Change 


The approximate cost of a stop is included 
in this article more as a matter of interest than 
with the idea of establishing valid cost values. 
Many sections of rural highway studied were 
traveled by line-haul vehicles without ex- 
periencing any stops and with less than two 
slowdowns per mile. Likewise, certain urban 
sections of highway studied were traveled 
by line-haul vehicles with a high incidence 
of stops but with less than two slowdowns 
per mile. 

In order to estimate the cost of a stop the 
entire fuel consumption rate for the rural 
travel with no stops was subtracted from the 
fuel-consumption rate for urban travel where 
a high of occurred. The 
difference is attributed solely to the effect of 
stops because slowdowns were the same in both 


incidence stops 


instances. 
that the 
miles per 


It should be remembered though, 
from 26 
and 19 miles 
Dividing the total 
consumption per mile due to traffie stops by 


average made 


hour in 


stop was 
rural 


per hour in urban areas. 


areas 


the number of stops per mile gave the con- 
sumption rates per stop which are shown in 
table 15. Gasoline consumed per stop showed 
a definite the GVW increased 
For example, if a cost per gallon of fuel of 30 
cents is used, the cost of a stop would range 


increase 


as 
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Figure 10.—Gasoline consumption rates, 
rate of speed change per mile and by 
gross vehicle weight, for line-haul and 
city delivery vehicles. 
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Table 14.—Average travel time-consumption for trucks in line-haul and city 
delivery operations for various rates of speed changes per mile 


pickup and 














Average time consumption in minutes per mile for the indicated A verage 
“ number of speed changes per mile time lost 
l'ype of travel | PEST tees = : per speed 
| : | | change 
| 1 3 4 | 5 7 9 12 (minutes) 
-_ _ — “a — —__— —— | —_— — — -_ = 
ural _ -- a 1, 48 Cee} eeces. | 2.33 | 3.05 | 0. 26 
Urban....- oe 2.35 2. 69 oie ate 3. 20 3.51 | 4. 53 27 
City pickup and delivery_. | - 4.39 | reece va | 7.43 . 38 
] 








from one-half cent for a GV W of 17,000 pounds 
to more than 2 cents for a GVW of 51,000 
pounds. 

Knowing the number of speed changes 
saved, the proportion of stops and slowdowns, 
and the magnitude of each, it is possible to 
compute the added cost of fuel and travel time 
of a speed change if the extra fuel and time 
consumed during the speed change is known. 
Thus, using speed changes per mile as a 
measure of congestion, the benefits may be 
computed that accrue from highway improve- 
ments that reduce congestion. It is realized 
that at present the tool is rough, but it can be 
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refined. 
corders instead of human observers. 


This is planned, using digital re- 
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Table 15.—Gasoline consumption rates for 


trucks in line-haul operation due to traffic 
stops, by gross vehicle weight 





21,300 


34,500 





17,000__- 


27,000. 


42.000._.___- 
51,200__. 


Gross vehicle weight (pounds) 


} Gallons per stop 


Actual 
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New Publication: Highway Progress, 1959 


The Annual Report of the Bureau of Public 
Roads, Fiscal Year 1959, newly titled Highway 
Progress, 1959, is now available from the 
Superintendent of Documents, U.S. Govern- 
ment Printing Office, Washington 25, D.C. at 
40 cents a copy. 

Reflecting the central role of highway trans- 
portation in our entire way of life, the greatly 
expanded construction program launched by 
the Federal-Aid Highway Act of 1956 con- 
tinued its vigorous growth during the fiscal 
year. 

Highway usage also increased, with motor- 
vehicle registrations forecast to reach a record 
high of 70.4 million in the calendar year 1959, 
and travel by these vehicles pointing toward at 
least 700 billion vehicle miles. 

The Bureau of Public Roads had 
fiseal year goal of $3.075 billion in Federal-aid 
obligations for surveys and plans, right-of-way 
acquisition, and construction. Actual obli- 
gations of the year reached $3.223 billion, as 
compared with a $2.749-billion total for the 


set a 


previous year. 

During the fiscal year 1959, completions of 
all classes of Federal-aid and Federal projects 
provided improvements on 32,828 miles of 
roads and streets—with the growing use of 
multilane bighways—that total represented 
the equivalent of 71,336 miles of single-lane 
construction. Individual projects included 
examples of the most spectacular and the most 
complex construction in highway history. 
Construction put in place during the year 
called for $2.875 billion of Federal funds, an 
increase of 74 percent over the previous year. 

Projects for the construction of 30,923 miles 
of improvements also were set up during the 
year under the Federal-aid and Federal high- 
way programs. 

These extensive Federal-aid operations were 
supported largely with funds authorized by the 
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Federal-Aid Highway Acts of 1956 and 1958. 
On August 1, 1958, Federal-aid funds for fiscal 
year 1960, amounting to $3.5 billion, were 
apportioned to the States. This brought the 
total of Federal-aid apportioned since passage 
of the 1956 Act to $10.55 billion. 

Federal-aid improvements under the con- 
tinuing primary, secondary, and urban pro- 
grams progressed on a larger scale than ever 
before, but the Interstate System held its 
position as the focal point of public interest in 
highways. As sections were opened to traffic, 
more and more motorists began experiencing 
the advantages of the controlled-access free- 
way with its relief from cross traffic, its greater 
comfort and safety, and significant savings in 
travel time and vehicle operating 
Residential, commercial, and industrial centers 
developed adjacent to the Interstate right-of- 
way—further indication of the catalytic role 
of motor transport. 

Locating such important highway facilities 
was not left to chance. These complex Inter- 
state System projects usually require severai 
years of preparatory work—planning and 
surveying, plus design and_ right-of-way 
acquisition—before actual construction begins. 
The progress report on the Federal-aid highway 
program, presented to Congress during the 
fiscal year, showed that by December 31, 
1958, improvements substantially meeting 
approved standards and at least adequate for 


costs. 


current traffic, had been completed on 4,831 
miles of the Interstate System and that during 
the calendar year 1958, there were 2,078 miles 
of high type pavement placed under construc- 
tion. 

At the end of the fiscal year progress of the 
Interstate System program was threatened 
The 


from a 


by two financial problems. first was 


immediate, and eminated sharply 


Errata 


The table State Legal Maximum Limits of 
Motor Vehicle Sizes and Weights Compared 
With AASHO Standards, which appears on 
pages 250-251 of PusLic Roaps magazine, 
vol. 30, No. 11, December 1959, requires a 
correction in footnote references. 

In the entries for Maryland and Ohio, the 
footnote references 381 and 44 should’ be 
deleted from the column ‘Axle load-pounds, 
Tandem, Statutory limit.’ In the entry for 
North Dakota, footnote reference 44 should 
be added in the ‘5-axle’’ and “Other com- 
bination”? columns under the heading ‘‘Prac- 
tical maximum gross weight.” 


accelerated rate of spending called for by the 
Federal-Aid Highay Act of 1958. 

Under the basic 1956 Act, the Federal-sid 
program is financed on a pay-as-you-go basis 
from Federal highway-user taxes which x0 
into the highway trust fund. Net income of 
the trust fund during the fiscal year was 
$2.2 billion while expenditures from the fuad 
for Federal-aid highways amounted to $2.6 
billion. This was the first year that expend- 
itures had exceeded receipts. Apportion- 
ments for fiscal 1960, made under the 1958 
Act, considerably outweighed anticipated 
revenues to the trust fund. It was recognized 
that this action would deplete the surplus 
accumulated through earlier years of the 
trust fund and would preclude apportionment 
of any funds for the Interstate System for the 
fiscal year 1961. As the fiscal year 1959 
ended, congressional action to remedy this 
situation was pending. 

There was, in addition, a long-range prob- 
lem of financing the Interstate System pro- 
gram, The new estimate of the cost of com- 
pleting the Interstate System presented to 
the Congress during fiscal year 1958 showed 
that Federal and State matching financing 
required after July 1, 1956, amounted to 
$37.6 billion, as compared with the $27.4- 
billion figure contemplated in the Federal 
Aid Highway Acts of 1954 and 1956. 

During fiscal year 1959 the Bureau of Public 
Roads submitted the Third Progress Report of 
the Highway Cost Allocation Study. Scheduled 
for presentation to Congress early in 1961, 
together with a new detailed estimate of the 
cost of completing the Interstate System, it is 
expected that these reports will be of real 
assistance to the Congress in its consideration 
of appropriate scheduling and financing of 
Interstate and other Federal-aid 
programs. 
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